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ABSTRACT 


Results  of  a  research  and  development  program  relating  to  evaluation  of 
nondestructive  testing  techniques  for  fiber-reinforced  metallic  matrix  compos¬ 
ites  are  reported,  A  bibliography,  based  on  an  extensive  literature  search, 
was  compiled.  Methods  for  continuous  cleaning  and  inspection  of  boron  fibers 
«ere  investigated  and  an  experimental  system  developed.  Borcn-alianinm,  boron - 
titanium,  and  tungsten-copper  composite  specimens  were  fabricated  with  fiber 
voliraa  ratios  ranging  from  10  to  25  percent  and  containing  specific  anomalies. 
Nondestructive  test  methods  used  wore  radiography,  ultrasonics,  and  magnetic 
testing.  In  addition,  experiments  proved  the  feasibility  of  an  optical  method 
for  continuous  fiber  surface  inspection.  Radiographic  methods  were  fcamd  to 
be  adequate  to  determine  single  fiber  breaks  as  well  as  major  fiber  gaps  and 
general  fiber  alignment.  The  feasibility  of  microradiogj aphic  inspection  was 
demonstrated  for  small  single  layer  boron  conposites.  Ultrasonic  pulse  echo 
methods  are  capable  of  determining  matrix  disbonds  as  small  as  i/4  inch  square. 
Ultrasonic  velocity  measurements  shew  a  relation  between  velocity  and  fiber 
ratio.  In  addition  to  the  experimental  work,  a  literature  survey  of  the 
problem  areas  was  carried  out  and  recommendations  for  future  extensions  of  the 
work  are  detailed. 
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The  recent  availability  of  high  modulus  high  strength  material  fibers 
has  led  to  the  development  of  new  families  of  materials  which  very  signifi¬ 
cantly  upgrade  the  properties  of  conventional  monolithic  aerospace  materials. 
These  new  groups  of  materials  depend  an  the  interaction  of  fibers  or  laminae 
set  in  a  matrix  to  produce  properties  in  the  composite  which  are  equal  to  or 
better  than  the  proportionate  sum  of  the  properties  of  both  matrix  and  fiber 
of  laminae.  Such  composite  materials  are  particularly  promising  because  they 
allow  the  utilization  of  very  high  strength,  high  modulus  and  low  density 
materials  such  as  boron  fibers,  which  could  otherwise  not  be  utilized  in  air¬ 
frame  or  engine  structures. 

In  order  to  allow  commercial  utilization  of  composite  materials,  reliable 
methods  of  assuring  integrity  and  reliability  of  the  materials  most  be  avail¬ 
able.  Furthermore,  since  these  materials  are  still  in  the  development  stage, 
now  is  the  time  to  learn  as  much  as  possible  about  their  properties  in  order 
that  effective  quality  control  and  improvement  is  assured  during  manufacture 
and  maintained  in  service.  Such  methods  must  be  appropriate  to  the  specific 
problems  encountered  in  composite  materials  and  relatable  to  composite  material 
properties  as  determined  by  destructive  tests.  The  knowledge  of  this  relation¬ 
ship  implies  a  good  understanding  of  the  fundamental  mechanisms  of  the  non¬ 
destructive  tests  involved,  so  that  data  obtained  may  be  extrapolated  or  inter¬ 
polated  with  some  degree  of  assurance. 

The  present  program  is  ccncemod  solely  with  composites  consisting  of  con¬ 
tinuous  reinforcing  fibers  embedded  in  metallic  matrices.  Being  an  initial 
study,  the  work  is  directed  towards  the  evaluation  of  conventional  nondestruc¬ 
tive  test  methods.  The  objective  of  the  program  is  en  evaluation  of  general 
applicability  of  such  conventional  methods  for  the  evaluation  of  defects  such 
as  fiber  breaks,  matrix  disbonds,  fiber  alignment  and  fiber  volume  ratio.  The 
evaluation  includes  the  determination  of  factors  required  for  optimization  of 
such  conventional  methods  as  well  as  an  estimate  of  the  limits  of  resolution  in 
various  types  of  composites.  The  objective  requires  the  manufacture  of  special 
test  specimens  incorporating  deliberate  defects. 

Further  objectives  were  a  review  of  the  pertinent  literature  and  studies 
directed  toward  the  development  of  methods  for  the  inspection  of  the  fibers 
themselvas. 
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Sit-MARY 


The  report  describes  the  evaluation  of  conventional  nondestructive  tech¬ 
niques  as  applied  to  filament  reinforced  metal  matrix  composites.  The  evalu¬ 
ation  included  ultrasonic,  radiographic,  metal lographic ,  and  electromagnetic 
techniques  for  inspection  of  tungsten-copper,  borcn-aluniffim,  and  boron- 
titaniun  composites,  A  literature  survey  was  conducted  into  all  aspects  of 
the  nondestructive  testing  cf  composites.  The  literature  indicated  that 
although  negligible  effort  had  be«i  conducted  in  terns  of  inspecting  such 
composites,  both  ultrasonic  and  radiographic  techniques  appeared  highly  feas¬ 
ible. 


Composite  specimens  were  fabricated  with  deliberately  introduced  defects, 
including  broken  and  misaligned  fibers,  and  disbonds  at  the  fiber-matrix  awl 
matrices  junctures.  Metallogrnphic  inspection  confirmed  the  general  specimen 
integrity  and  fiber-matrix  volume  ratios  which  ranged  from  9.8  to  20.1  percent. 

Radiographic  inspection  of  the  composites  included  an  evaluation  of  broad 
and  narrow  beam  techniques.  Single  broken  fibers,  fiber  gaps,  and  fiber  mis¬ 
alignment  were  detected  in  all  composite  specimens;  however,  the  intentional 
disbonds  were  not  detected.  Dynamic  radiographic  and  stereoradiographic  tech¬ 
niques  were  evaluated  and  were  proved  feasible  for  these  materials.  Photo¬ 
graphic  enlargement  of  the  radiographic  negative  was  successfully  enployed  19 
to  approximately  10X  with  excellent  detail  sensitivity.  Experimental  micro - 
radiographic  tests  also  demonstrated  the  feasibility  of  enlarging  the  fiber- 
matrix  detail  as  high  as  SO  to  100  times. 

Ultrasonic  inspection  using  pulse-echo,  reflector  plate  techniques  we.-e 
successful  in  detecting  deliberate  disbonds  as  small  as  1/4-inch  square.  Ultra¬ 
sonic  velocity  measurements  of  all  materials  shewed  a  possible  relationship 
between  velocity  and  fiber  ratio .  Ultrasonic  attenuation  studies  of  the  com¬ 
posites  were  not  successful  at  the  frequencies  tested. 

Electromagnetic  inspection,  although  not  capable  of  detecting  the  intro¬ 
duced  defects,  showed  evidence  of  eddy  current  effects  associated  with  the 
composite  mechanical  properties. 

An  optical  fiber  inspection  system  was  developed  which  demonstrated  the 
feasibility  of  continuously  inspecting  on  entire  fiber  surface  at  magnifica¬ 
tions  up  to  100X, 

Conclusions  are  presented  including  an  evaluation  of  conventional  equip¬ 
ment  for  nondestructive  inspection.  The  conclusions  are  presented  in  terns  of 
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defect  sensitivity,  relationships  between  the  inspectkin  equipment  parameters 
and  the  composite  material  responses.  Reccranendatior-*,  are  presetted  for  future 
radiographic  development  in  teres  of  material  and  defect  variables,  and  the 
further  development  of  aicroradiography  and  stereoradiography  techniques. 

Ultrasonic  studies  should  consider  the  determination  of  attenuation  in¬ 
formation,  the  acoustic  properties  of  the  diffusion  products,  and  correlation 
of  velocity  data  with  voliae  ratio  to  define  the  exact  relationship.  It  is 
generally  concluded  that  the  proper  combination  of  conventional  ultrasonic  and 
radiographic  techniques  are  adequate  for  the  detection  of  defects  presently 
known  to  be  significant.  The  applicability  of  these  techniques  to  production 
inspection  requires  further  defect  analysis  in  terms  of  the  required  composite 
properties. 
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Section  III 


LITERATURE  SuRVtf 


A  comprehensive  literature  survey  was  conducted  during  the  first  month 
of  program  effort.  The  purpose  of  the  survey  was  to  determine  the  extent  of 
defect  detectability  for  similar  and/or  allied  materials,  by  various  non¬ 
destructive  testing  methods.  Results  of  this  survey  are  presented  in  Appen¬ 
dix  IV. 

From  the  survey  of  the  limitations  of  commercial  equipment  for  non¬ 
destructive  testing,,  it  C2n  be  concluded  that  the  resolution  limits  of  such 
equipment  are  at  best  at  the  border  line  of  limits  required  for  the  inspection 
of  defects  in  metallic  matrix  filamentary  composite  materials.  Throughout  the 
survey,  only  the  simplest  shape  of  metallic  matrix- filamentary  composite  ma¬ 
terial,  sheets  with  parallel  fibers,  has  been  considered.  Jfowever,  it  can  be 
assumed  that  such  materials  will  also  find  application  in  many  more  complex 
combinations  and  configurations  such  as  turbine  blades  reinforced  along  princi¬ 
pal  stress  directions,  A  number  of  methods  and  approaches  are  suggested  which 
can  improve  the  sensitivity  of  ccrrmercial  test  equipment,  hut  these  methods 
generally  require  nonstandard  modifications  to  the  test  equipment.  Consider¬ 
able  experimental  work  is  therefore  required  to  assess  whether  relatively 
minor  modification  of  standard  ccmercial  test  equipment  will  result  in  usable 
information  as  to  composite  material  defects  or  whether  maior  alterations  or 
new  equipment  design  and  approaches  will  be  required. 

The  initial  phase  of  the  contract  effort  was  concentrate!  on  specimen 
design  and  material  inreparation,  A  literature  survey  was  conducted  to  deter¬ 
mine  a  suitable  means  of  inspecting  the  0.004-inch  diameter  filamentary  ma¬ 
terial,  The  survey  (Appendix  IV)  revealed  the  successful  use  of  microscopic, 
ultrasonic  and  eddy  current  inspection  techniques  for  fine  diameter  wire.  The 
ultrasonic  and  eddy  current  systems  were  not  cceraercially  available  as  re¬ 
quired  for  this  application,  however,  a  microscopic  system  was  developed 
(Section  VIII)  for  continuous  filament  inspection. 

The  literature  survey  of  nondestructive  test  method  for  fiber-matrix 
composites  and  their  constituents  was  continued  throughout  the  contract  period. 

A  partially  annotated  bibliography  covering  a  wide  range  of  nondestructive 
testing  literature  was  compiled  and  published  as  an  NAA/LAD  report  (Reference  1) , 
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Section  IV 


COMPOSITE  SPECBENS 


DEFECT  CHARACTERIZATION 


A  defect  is  defined  as  a  material,  or  structural  or  stress  inhoeogeneity 
which  significantly  affects  the  performance  of  the  material,  part  or  structure. 
Upon  initiation  of  the  program,  one  of  the  major  problems  was  the  decision  as 
to  what  inhcraogenities  in  a  fiber-matrix  composite  can  be  considered  a  defect 
according  to  this  definition.  Assuming  that  the  performance  of  the  material  is 
given  by  its  tensile  strength  (Ref  2) ,  the  simplest  approach  is  that  given  by 
the  law  of  mixtures  which  states  that 

sc  -  Sf  Vf  ♦  %  Vm  (1) 


where  s  is  the  strength,  V  the  volume  ratio,  and  the  subscripts  c,  f,  and  m 
refer  to  the  composite,  the  fiber  and  the  stress  bom  by  the  matrix  if  the 
composite  is  strained  to  the  fracture  strain  of  the  fibers,  respectively. 

Based  upon  this  assumption,  the  only  quantities  to  be  determined  by  an  inspec¬ 
tion  method  are  the  volume  ratio  and  whether  there  has  been  any  degradation  of 
the  strength  properties  of  the  filament  and  the  matrix.  However,  it  has  been 
shown  experimentally  by  a  ntsnber  of  studies  that  this  simple  equation  (Equation 
1)  only  applies  if  the  volume  ratio  of  the  fibers  exceeds  a  critical  value. 

This  critical  volume,  Vcrit»  is  given  by 


ycrit  "  Csu  ’  %)/(sf  ♦*!»-%) 


CO 


where  Sy  is  the  ultimate  strength  of  the  matrix.  For  the  materials  considered 
here,  the  critical  volume  fraction  of  fibers  is  of  the  order  of  10  to  30  per 
cent.  For  volume  fractions  lower  than  this  critical  limit,  the  strength  of  the 
composite  is  then  determined  by 

S'c  "  *u  Vm  C3) 

Equation  3  indicates  that  for  low  fiber  volume  fractions,  the  ultimata  strength 
or  the  matrix  is  the  strength  determining  factor;  thus,  determination  of  matrix 
deterioration  becomes  more  important  than  strength  loss  of  the  fibers. 

It  must  be  noted  that  the  above  equations  make  a  number  of  simplifying 
assumptions .  For  example,  the  constraint  exercised  on  the  matrix  by  the  close¬ 
ness  of  the  fibers  has  been  ignored.  This  constraint  leads  to  a  tri-«dal 
stress  field  with  a  matrix  strengthening,  therefore,  the  determination  of  fiber 
spacing  becomes  imported  in  these  low  volume  ratio  fiber  ccepcsites. 


7 


. 


*VI 


Another  assumption  made  is  that  all  fibers  are  parallel. 


Cue «pu5i.te 


with  a  volume  fraction  greater  than  the  critical  fraction,  failure  due  to  mis¬ 
alignment  is  s*?st  likely  tc  occur  through  shear  in  the  matrix  parallel  to  the 
fibers.  The  stress  tc  produce  failure  under  these  conditions  ss  is  given  by 


ss  a  Ty/sin  0  cos  0  (4) 

where  0  is  the  angle  of  misalignment  and  tv  the  ultimate  shear  strength.  If 
tv  is  of  the  order  of  0.01  sc,  then  this  angle  is  only  30  minutes.  If  tv  * 

0.1  sCt  then  0  is  &°  and  if  0  is  11°,  the  strength  of  the  composite  is  halved. 
Misalignment  of  fibers  to  erven  quite  a  snail  degree  thus  has  an  appreciable 
effect  on  composite  strength,  even  without  considering  the  variations  caused 
by  the  varying  degree  of  constraint  effect  on  the  matrix.  The  above  analysis 
applies  to  ccqposites  with  volia®  fractions  larger  than  the  critical,  fraction. 
If  the  volume  ratio  of  the  fibers  is  less  thsn  the  critical  fraction,  it  can 
be  assumed  that  the  misalignment  effect  due  to  shear  failure  will  be  reduced, 
but  the  raisaligrsBant  effect  due  to  constraint  variations  on  the  matrix 
strength  will  be  increased.  In  either  case  therefore,  alignment  control  is  ar. 
important  variable. 


The  effect  of  broken  fibers  can  be  assessed  from  two  considerations. 

First,  a  broken  fiber  constitutes  a  notch  in  the  eontiim  of  the  composite, 
which  can  be  associated  with  a  stress  concentration  factor.  This  analysis  has 
been  carried  out  by  Hedgepeth  (Ref  3)  who  gives  the  stress  concentration 
factor  Sjj  due  to  a  rasriber  of  broken  fibers  ’r*  as 

Xr  »  |4  x  6  x  8  x  ,..(2r+2j]  /  (3x5x7  ...t.(2r+l)3  (5) 

which,  for  various  values  of  r  gives: 

r  :  1  2  3  4  5 

Kti  1.33  1,6  1,83  2.04  2.28 

The  factor  Kr  reduces  the  effective  strength  of  the  matrix.  For  lew  fiber 
volume  ratios  this  strength  is  the  decisive  factor  in  the  strength  of  the  com¬ 
posite,  It  is  thus  apparent  that  even  small  numbers  cf  broken  fibers  may  have 
an  appreciable  affect  on  the  strength  of  the  composite. 

The  second  consideration  in  the  study  of  the  effect  of  fiber  breaks  is 
the  assumption  made  in  equations  (1)  to  (3)  that  the  fibers  are  continuous. 
This  condition  applies  if  the  length  of  the  fibers  exceeds  a  critical  length 
-c  as  given  by  (Ref  2), 

lc  -  *  *f  /  2rB  (6) 
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where  d  is  the  fiber  diameter  and  7r  the  shear  strength  of  the  fiber/sstrix 
bond.  For  d  *  O.OOS  inches  and  sf  «  300,000  psi: 

lc  “  750  rB  (7) 

Thus  it  appears  that  even  very  low  bond  strength  will  give  critical  length  of 
macroscopic  size.  Therefore,  unless  there  is  very  extensive  fragmentation  of 
fibers,  matrix  to  fiber  disbonds  will  play  a  minor  role  in  the  strength  deter¬ 
mination  of  a  composite. 

In  siEnsary,  the  defects  which  are  likely  to  be  of  importance  are,  in 
decreasing  order  of  relative  irncrt-srsco t  as  follows: 

1.  Composites  with  fiber  volume  fraction  greater  than  the  critical: 

a.  volume  ratios 

b.  fiber  degradation 

c.  changes  in  modulus  of  matrix 

d.  matrix  degradation  (disboxds ,  voids,  diffusion  zones  etc.) 

e.  fiber  r&saligrssgsnt 

f .  fiber  breaks 

g.  fiber  matrix  disbonds 

2.  Composites  with  fiber  volume  fraction  less  than  the  critical: 

a.  matrix  degradation 

b.  fiber  breaks 

c.  fiber  mis  aliment 

d.  volume  ratios 

e.  fiber  degradation 

f .  changes  in  modulus  of  matrix 

g.  fiber  raatrix  disbonds. 

In  the  foregoing  analysis,  tensile  strength  has  besn  mads  the  criterion 
or  composite  performance.  However,  there  are  many  other  criteria  which  could 
affect  the  parfomance  of  a  composite  structure.  Ccnpressive  strength  and  mod¬ 
ulus  considerations  will  generally  parallel  those  made  for  tensile  strength.  As 
far  as  fracture  toughness  and  fatigue  are  concerned,  our  present  understanding 
of  the  correlation  of  the  various  factors  involved  do  not  allow  even  an  approxi¬ 
mate  analysis  for  the  characterization  of  defects.  Other  factors,  such  as  air¬ 
tightness,  electric  insulation  or  resistance,  etcE»  which  may  be  ?2$»rtsnt  for 
special  applications,  can  be  covered  by  existing  tests  for  ncn-corapcsite 
materials. 
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Hie  selection  of  test  specimens  depends  on  a  number  of  factors*  among 
which  the  following  were  considered  to  be  the  most  important: 

1.  Limitations  of  manufacturing  technology:  This  limited  the  site  of 
specimens  to  sheets  about  a  x  10  inches  and  1/4  inch  thick. 

2.  Limitations  of  available  raw  materials:  Boron  fiber  was  available 
rally  in  a  0,004  inch  diameter  fiber.  Titanium  sheets  were  available 
in  thickness  down  to  0,008  inch  only.  Other  materials  were  available 
in  a  wider  range  of  sizes  but,  for  the  sake  of  uniformity,  similar 
dimensions  were  chosen  for  all  materials.  This  limited  the  fiber 
volume  ratio  to  about  25  percent  maximum. 

3.  Use  of  composite  combinations  considered  for  actual  service  or  com¬ 
posite  combinations  with  properties  significant  from  a  NUT  point  of 
view;  At  the  beginning, of  the  program,  a  boron  fiber  -  titanium  alloy 
composite  was  the  prime  contender  for  actual  applications;  while  a 
borcai  fiber  -  aluminum  composite  gave  the  conditions  of  minimal  dif¬ 
fusion  reactions,  possible  applicability  5n  practice  and  minimal 
density  variations  between  fiber  and  matrix.  A  tungsten  fiber -copper 
composite  had  the  advantages  of  ease  of  manufacture,  low  cost  and  good 
density  variations  and  was  therefore  selected  for  initial  experiments 
in  spite  of  its  unlikelihood  of  ever  becoming  industrially  important. 

4.  Defect  selection:  Defects  selected  for  deliberate  incorporation  into 
the  specimens  had  to  encompass  the  range  covered  in  the  defect  charac¬ 
terization  discussed  above.  Matrix  degeneration  could  only  be  simu¬ 
lated  by  deliberate  matrix-matrix  disbonds.  ;4o  method  could  be  devel¬ 
oped  to  deliberately  change  the  modulus  of  the  matrix  material,  for 
any  given  selected  material. 

Specimen  requirements  for  the  subject  program  are  listed  in  Table  I. 

This  called  for  fabrication  of  three  different  types  of  fiber-matrix  composite 
specimens.  The  specimen  identification  code,  based  cm  volume  ratio  and  defect 
type,  was  assigned  to  provide  ready  identification  of  the  specimens.  This 
code,  in  combination  with  the  particular  fiber-matrix  composite,  is  used 
throughout  this  report. 


DEFECT  SIMULATION 

Hie  study  of  fiber-matrix  composites  and  the  factors  that  affect  their 
properties  indicated  four  basic  types  of  defects,  namely  broken  fibers,  mis¬ 
aligned  fibers,  fiber  disbonds,  and  matrix  disbonds.  The  evaluation  of  non¬ 
destructive  testing  techniques  was  established  as  the  capability  of  defect  detection. 
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Table  I 


COMPOSITE  SPECIMENS  -  NOMINAL  DIMENSIONS  AND  DESIGN 


1 

I 

Filament 

Matrix 

Thickness 

On.) 

Volin® 

Ratio 

Percent 

No.  Of 
Specimens 

Defect 

r~ — ~  — 

Specimen 

Identification 

Tungsten 

Copper 

.040 

10 

1 

Broken  Fibers 

W-Cu  10BF 

Tungsten  \ 

Copper 

.040 

15 

1 

Broken  Fibers 

W-Cu  1SF 

Tungsten 

Copper 
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Further,  it  was  planned  to  simulate  defects  in  a  range  of  sizes  to. 
establish  detection  sensitivity  levels  for  the  var' >us  :Lnspection  methods. 
Initially,  two  tungsten-copper  composite  specimens  were  fabricated  for  use  as 
reference  specimens,  each  containing  both  volume  ratios  of  10  and  25  percent 
and  three  fibeT  layers.  After  winding  the  initial,  filament  layer,  the  mandrel 
was  removed  from  the  lathe  and  set  into  supports  on  a  workbench.  Experiments 
were  conducted  to  develop  methods  capable  of  producing  repeatable  defects.  The 
broken  fibers  were  simulated  by  cutting  one  or  more  tungsten  fibers  and  attempt¬ 
ing  to  tack  weld  the  fiber  ends  to  the  matrix  with  specific  spacings  between  the 
fiber  ends.  The  tack  welding  was  irregular  and  frequently  exploded  the  fiber, 
leaving  a  deposit,  A  visit  to  the  Weldamatic  Division  of  the  Uhitek  Corpor¬ 
ation  for  tests  and  advice  yielded  negative  resultr .  Successful  welds  were  sub¬ 
sequently  accomplished  by  the  use  of  30-gage  tinned  solid  copper  wire  as  the 
weld  electrode.  The  weld  cycle  was  approximately  20  watt- seconds.  A  second 
problem  encountered  Airing  spot  welding  the  ends  of  deliberately  broken  fibers 
occurs  due  to  the  extremely  close  spacing  for  the  higher  volume  ratios  (0.0007 
inches  for  25  percent  ratio).  Adjacent  fibers  are  frequently  displaced  causing 
gross  fiber  misalignment.  Because  of  these  problems,  and  the  unsuitability  of 
the  boron  fiber  for  welding,  an  alternate  method  was  considered  for  simulating 
broken  fiber  defects. 

Concurrent  composite  development  had  demonstrated  the  successful  bonding 
of  fiber- mats,  woven  with  thin  foil  of  the  matrix  material.  The  mat  is  placed 
between  the  matrix  sheets  and  diffusion  bonded.  The  minimal  amount  of  added 
foil  material  is  negligible.  This  technique  provides  fiber  control  and  support 
at  the  regular  intervals  necessary  to  prevent  fiber  movement  when  fibers  are 
broken  or  removed.  A  trial  fiber  mat  was  evaluated  and  proved  satisfactory  for 
broken  fibers  tod  fiber  misalignment  defect  simulation.  The  weaving  process  is 
illustrated  in  Figure  1  showing  the  hand  loom  and  mat  materials.  The  loom  is  a 
14-inch  Nilec  two-hame3s  hand  loom,  Ccrmerc  dally  pure  copper,  silver  or 
titanium  foil  strips  measuring  0,005  by  0,1875  into  and  approximately  36  inches 
long  are  used  as  toe  warp  material.  The  foil  strips  are  stored  at  the  rear  of 
the  loom  and  fed  to  the  front,  approximately  1/2  inch  apart,  through  toe  heddles 
and  the  c  -3fc  and  attached  to  the  front  take-up  cylinder.  Tho  fiber  is  cut  to  the 
weave  length  and  placed  in  a  pneumatically  actuated  filament  shuttle  tubs,  A 
single  filament  is  removed  from  toe  shuttle  tube  each  time  the  tube  is  fed 
through  the  warp/shed.  The  war p  is  closed  and  the  filament  cotoed  forward. 

The  comb  has  a  fixed  stop  to  assure  the  same  filament  placement.  The  filament 
spacing  is  controlled  by  the  takeup  cylinder  which  is  automatically  rotated  a 
preset  angle  after  each  filameat  is  cotoed  into  place.  The  woven  fiber  mat  is 
wound  on  this  cylinder  until  toe  desired  length  is  achieved.  Weaving  for  each 
type  of  corposite  was  performed  in  a  continuous  mat  (Figure  2)  which  was  later 
cut  apart  into  six  mats  measuring  approximately  5  x  10  inches  each. 
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Figure  2.  Defect  Guide  and  Mats  Using  Boron  and  Silver  for 
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The  broken  fiber  defects  in  me  layer  of  each  composite  were  designed  for 
four  conditions  as  follows:  the  removal  of  fiber  in  at  cme-inch  and  quarter- 
inch  square  area;  10  to  12  fibers  broken  in  line  with  the  fibers  in  contact;  and 
1,  2,  and  3  random  fiber  breaks  in  a  two-inch  area. 

A  defect  layout  template  was  prepared  (Figure  2)  with  cross  wires  to  per¬ 
mit  exact  positioning  of  the  fiber  breaks.  The  fiber  mat  was  positioned  on  a 
strip  of  stainless  steel  sheet.  The  defect  template  was  overlayed,  and  the 
fibers  were  cut  with  a  carbide  cutting  tool  shaped  as  a  small  chisel.  Ihe 
broken  fiber  pieces  were  carefully  reserved  and  the  mat  was  cleaned  and  stored 
for  use  in  the  winding  process. 

The  fiber  disbonds  and  matrix-matrix  disbonds  were  simulated  by  painting 
alimrina,  in  a  phosphoric  acid  solution t  on  the  surfaces  to  be  bonded.  This 
process  was  evaluated  on  the  trial  specimen  and  proved  to  be  ■m  efficient  dis¬ 
bond  mechanism.  The  alumina  solution  was  applied  with  a  small  artist  paint 
brush.  Since  the  fibers  were  very  closely  spaced,  there  was  a  tendency  for  the 
fluid  to  draw  or  nick  away  from  the  desired  area,  A  similar  experience  was 
encountered  on  the  clean  matrix  sheets.  There  was  a  tendency  for  an  excessive 
alumina  buildup.  After  painting,  the  disband  areas  were  completely  dried  with 
an  electric  heat  gun.  The  .disband  location  and  size  was  determined  by  the  use 
of  a  template.  The  disbonds  ranged  in  size  from  one  square  inch,  one-quarter 
square  inch,  one-quarter  by  one  inch  rectangle  and  a  one-inch  isosceles  triangle. 


SPECIMEN  FABRICATION 


The  basic  fabrication  process  for  the  composite  specimens  is  illustrated 
in  the  flow  diagram  shown  in  Figure  3.  The  process  begins  with  the  cleaning  of 
the  composite  materials  and  preparation  of  mandrel.  This  is  followed  by  the 
filament  wrapping  of  multiple  layers  of  fibers  separated  by  matrix  sheets  or  the 
insertion  of  a  defect  fiber  mat.  After  the  desired  number  of  layers  are  wound, 
the  mandrel  with  specimens  is  welded  into  a  retort  and  solid  state  diffusion 
banded  under  selected  pressure  and  temperature  conditions.  Specimen  materials 
and  the  operations  involved  in  specimen  fabrication  are  described  in  the  follow¬ 
ing  paragraphs. 


MATERIAL  SELECT!  CN  AND  PREPARATION 

Copper  Sheets 

Commercially  pure  copper  sheet  was  used  in  0,008  and  0,0108  inch  thick¬ 
nesses,  The  copper  was  sheared  to  5  x  10  inch  specimen  size,  solvent  vapor  de¬ 
greased,  and  water  rinsed,  A  waviness  was  noted  in  the  0,008  inch  sheet, 
however,  it  was  considered  useable. 


IS 


Figure  3.  Basic  Specimen  Fabrication  Operations 


Titsaiiivn  ShSStS 

Titaniisn  alloy  Ti-6A1-4V  sh s*"v  was  used  in  0.008  and  0.012  Inch  thick¬ 
nesses.  The  titanium  was  she  5  x  10  inch  specimen  size.  Within  24 
hours  of  use,  the  titanium  wa  ±rsion  cleaned  in  alkaline  and  mild  acid 
solutions,  and  air  dried. 


Aluminum  Sheets 

Altmdnnn  alley  5052  sheet  was  used  in  0.0U8  and  0.011  inch  thicknesses . 

It  has  bean  shown  (Reference  4)  that  subsequent  to  cleaning,  a  thin  alimrinuE 
oxide  layer  forms  on  aluminum  and  contributes  to  weak  diffusion  bends.  Upon 
exposure  of  the  alumirasn  to  air,  the  oxide  layer  fores  within  a  period  of  a  few 
microseconds .  It  was  therefore  decided  to  use  a  thin  silver  plating  on  the 
aluminum  sheets  to  reduce  oxidation  effects  until  the  specimen  could  be  pre¬ 
pared  and  beaded.  NAA  Process  Specification  "Diffusion  Bonding  of  5052  or  6061 
Aluminum  Alloy  to  5052  With  Silver  Intermediary  Material”  was  followed.  The 
process  included  solvent  vapor  degreasing  and  silver  plating  of  both  sides  of 
tba  sheet.  Subsequent  to  plating,  the  plating  thickness  was  measured  at  50  +15 
millionths  of  an  inch  at  six  places  on  each  sheet.  The  sheets  were  stored  in  a 
container  with  an  argon  atmosphere  until  use. 


Boron  Fiber 


Boron  fibers  wound  on  spools  in  approximately  60G0  ft  lengths  were  supplied 
by  the  Air  Force  Materials  Laboratory,  The  mechanical  properties  of  these  fil- 
e /seats  varied  considerably  with  each  sped.  The  presence  of  numerous  splices 
required  breaking  the  fiber  to  remove  the  apparently  plastic  splicing  material 
which  would  have  contaminated  the  diffusion  process,  A  fiber  diameter  variation 
of  0.0032  to  0,0041  inches  from  a  nominal  0,004  inch,  was  noted  within  a  given 
spool. 

The  boron  fibers  were  cleaned  by  immersion  in  a  toluene  solution,  followed 
by  a  nitric  acid  bath  and  a  subsequent  distilled  water  rinse.  This  cleaning 
process  was  considered  time  consuming  and  did  not  ensure  removal  of  all  potential 
contaminants.  In  addition,  nitric  acid  ary  degrade  the  boron  fiber  and  cause  a 
reduction  in  fiber  strength.  An  experimental  claming  process  was  developed, 
utilizing  dinwthyi  sulfoxide  (060)  with  nitric  {TN3s) ,  followed  by  a  distilled 
water  rin*e,  fchile  3450  proves  to  be  an  exceptionally  good  solvent  for  both 
organics  and  inorganics  when  combined  with  nitric  acid,  it  causes  the  nitric 
_  acid  to  react  with  the  boron  fiber  at  a  higher  attack  rate  as  coopered  to  nitric 
acid  with  water.  However,  the  rate  is  dependant  upon  the  solution  concentration 
and  temperature,  Basic  elements  of  m  experimental  cleaning  system  developed 
for  "in-line"  processing  are  illustrated  in  Figure  4, 
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H'SO  cleaning  solution  for  extended  periods.  Improved  cleaning  action  vras 
(Stained  when  solution  temperature  was  increased  to  270°F  and  iaaarsitxi  time 
reduced  to  30  seconds.  Photos  of  results  obtained  from  different  time-temp¬ 
erature  combinations  are  shown  in  Figure  5.  Proper  con'rol  of  both  the  time 
and  temperature  parameters  provides  a  potential  solution  for  continuous,  rapid 
and  effective  cleaning  of  boron  fibers.  The  final  distilled  water  rinse  effec¬ 
tively  removes  all  traces  of  the  EMSO  solution.  Optical  inspection,  subsequent 
to  the  cleaning  operation,  was  performed  to  determine:  (1)  cleanliness  of  the 
fiber,  and  (2)  the  presence  of  cracks  or  fractures  which  would  waken  the  fiber. 


Tungsten  Fiber 

Tungsten  fiber,  G.E,  type  218  Hire  CS,  0.004-inch  diameter,  was  used  in 
continuous  lengths.  The  fiber  as  applied  to  filament  winding  operation  was 
quite  satisfactory  due  to  the  high  tensile  strength  and  good  uniformity  in 
size.  The  fiber  was  factory  cleaned  with  a  caustic  solution  to  remove  the 
graphite  drawing  lubricant  and  in  hydrogen  atmosphere  to  remove  oxides.  The 
fiber  was  handled  with  cotton  gloves  subsequent  to  cleaning  and  was  approved 
for  'use  following  inspection  for  contaminants  prior  to  beginning  specimen  fabri¬ 
cation. 


FILAMENT  WINDING 

Filament  winding  o£  the  three  types  of  composite  specimens  followed  the 
same  pattern  in  each  case.  The  desired  specimen  size  was  approximately  5  x  10 
inches.  Mandrels  measuring  approximately  6  x  12-1/2  x  1-1/2  inches  were  pre¬ 
pared  from  323.  stainless  steel.  The  mandrel  ends  were  ground  to  a  1-1/2  inch 
radius.  Mandrel  surfaces  were  ground  smooth  and  center-bored  on  the  sides  to 
fit  the  lathe  chucks.  Each  mandrel  was  flaae-sprayed  prior  to  being  mounted  in 
the  lathe  in  preparation  fcr  winding.  All  specimen  materials  had  been  previ¬ 
ously  cleaned  and  every  effort  was  node  to  maintain  cleanliness  throughout  the 
winding  process,  White  cotton  gloves  were  worn  by  the  operators  to  protect  the 
materials  from  contamination.  The  matrix  sheets  were  affixed  to  both  sides  of 
the  mandrel  with  elastic  bands,  A  piece  of  Q.G02-inch  stainless  steel  foil  was 
placed  over  each  mandrel  end,  overlapping  the  matrix  sheets  by  1/2  inch.  The 
foil  covered  the  sharp  edge  of  the  matrix  sheet  and  provided  a  smooth  transition 
surface  for  the  fiber. 

The  fiber  spool  was  installed  on  a  support  fixture  mounted  on  the  motor 
driven  lathe  bed  as  shown  in  Figure  6,  The  lathe  drive  was  adjusted  for  the 
appropriate  number  of  fiber  turns  per  inch  depending  on  the  desired  fiber- 
matrix  ratio.  The  fiber  was  then  pulled  over  a  rotating  brake  dn®,  through 
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the  guide  pui'eys  and  attached  to  the  mandrel.  Fiber  attarfmssnt  was  made  by 
tack  welding  a  tab  of  foil  over  the  wire  to  restrain  it*  Several  turns  of  the 
mandrel  were  made  manually  to  eaisure  fiber  alignment  and  attachment.  The  lathe 
was  then  power  driven  at  a  preselected  speed  and  runout  to  achieve  the  required 
fiber  spacing.  In  the  event  of  a  fiber  break  or  manufacturing  splice,  the  lathe 
was  stopped  and  the  fiber  end  was  secured  with  a  foil  tab  tack  welded  to  the 
mandrel  end.  ftsnerous  boron  fiber  breaks  were  encountered  with  approximately 
one-third  of  the  total  fiber  used.  Breaks  were  generally  attributable  to  a 
reduced  diameter  section  in  the  boron  fiber.  This  winding  process  exerts  more 
strain  on  the  fiber  as  compared  to  use  of  a  round  mandrel  because  the  fiber 
feed  speed  is  constantly  changing  from  zero  to  a  maximum,  A  form  of  dynamic 
braking  was  employed  by  supporting  the  fiber  spool  with  a  wax  string  passed 
over  a  fixed  drum  covered  with  teflon  tape. 

At  the  completion  of  the  first  filament  wrap  layer,  additional  matrix 
sheets  and  transition  foil  were  added  to  the  mandrel.  The  lathe  was  reversed 
and  the  next  layer  was  wound.  The  filament  wrapping  was  continued  until  the 
desired  number  of  layers  were  completed  except  for  the  final  layer.  At  this 
stage,  the  defect  layer  was  introduced.  The  p re-prepared  woven  fiber  mat  with 
broken  fiber  defects  was  placed  on  the  mandrel  with  a  top  matrix  sheet.  In  the 
case  of  disbonds,  the  prepared  alisnina  suspension  was  applied  to  the  fiber  on 
the  mandrel.  The  matrix  disbonds  were  prepared  on  matrix  sheets  and  the  sheets 
were  installed  in  sequence, 


DIFFUSION  BONDING 

After  completion  of  the  windk-g  operation,  the  mandrel  and  the  multiple 
layer  composite  were  placed  within  »  bonding  retort.  The  retort  was  I.ydro- 
formed  to  shape  and  fitted  with  ft  purge  tube.  The  retort  assembly  is  shown  in 
Figure  7.  The  retort  layup  consists  of  two  retort  skins,  glide  sheets  adjacent 
to  the  skins,  with  the  filamentary  composite  in  the  center  between  glide  sheets. 
The  retort  and  tooling  is  321  stainless  steel.  The  glide  sheets  are  either 
flame-sprayed  with  alumina  and  honed,  or  coated  with  hard  anodized  aluminum. 

The  latter  proved  superior  in  fc*nw  of  releasing  the  specimens  subsequent  to 
braiding,  and  was  used  during  the  winding  process  to  separate  specimens  on  a 
single  side. 

Layup  of  the  retort  rate  rials  and  specimens  on  the  mandrel  was  accom¬ 
plished  immediately  after  the  winding.  The  retort  was  than  evacuated  to  reduce 
contamination  and  stored  for  brief  periods  prior  to  bonding. 

The  retort,  evacuated  and  sealed,  was  placed  between  the  ceramic  platans 
of  a  SOQ-tcn  hydraulic  press.  Two  copper  pressure  plates  were  placed  on  either 
side  of  the  retort  to  equalize  the  platen  pressure.  Thermocouples  attached  to 
th*  copper  plates  measure  bond  cycle  tempers&irea,  A  steel  glide  sheet  was 
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placed  between  the  copper  sheets  and  the  platens,  the  retort  was  connected  to 
a  vacuum  system.  The  two-inch  line  includes  a  Pirani  gauge  next  to  the  retort, 
a  discharge  vacuum  gauge  and  an  inlet  valve  for  tho  dry  argo,.  purge  system,  fhe 
vacuum  system  includes  a  liquid  nitrogen  cold  trap,  four-inch  oil  diffusion  punp, 
and  mechanical  vacuum  pump. 

Kaowool  ceramic  fiber  was  placed  around  the  retort  and  the  platens  for 
thermal  insulation.  The  diffusion  bond  cycle  is  initiated  by  energising  til® 
electrical  resistive  heated  platens.  At  a  selected  temperature,  the  pressure 
is  also  applied.  Figure  8  shews  the  hydraulic  press  platens  and  the  ceramic 
fiber  packed  around  the  retort. 

The  diffusion-bonding  parameters  for  the  composites  were  selected  frem 
previous  tests  and  analytical  predictions  of  the  matrix  creep  characteristics 
in  relation,  to  the  fibers.  After  the  bond  cycle  was  completed,  the  heaters 
were  turned  off,  and  tho  composite  allowed  to  cool  slowly  under  bond  pressure 
to  room  temperature,  to  minimize  distortion  and  help  relieve  thermal  stresses 
developed  between  the  fiber  and  matrix  materials. 

The  metal  edges  of  the  retort  were  rut  with  a  mechanical  shear.  The  man¬ 
drel  was  removed  and  the  exposed  fiber  at  the  ends  were  cut,  releasing  the 
specimens.  The  mandrels  were  suitable  for  reuse,  but  the  retorts  were  not 
salvageable. 

During  the  composite  fabrication,  three  of  the  boron- aluminum  specimens 
were  apparently  incompletely  bonded,  .iese  three  specimens  were  separated  by 
flame- sprayed  alumina  stop-off  sheets  and  returned  for  s  second  diffusion  bond 
cycle.  Upon  removal  from  the  vacuum  retort,  two  specimens  were  found  bonded 
to  the  stop-off  sheet.  The  specimens  were  badly  damaged  during  removal  and 
additional  specimens  were  fabricated.  In  analyzing  the  inadvertent  bonding  to 
the  stop-off  sheet,  it  was  determined  that  silver  plating  (approximately  40 
microns  thick)  on  the  external  surface  of  the  aluminum  face  sheet  had  reacted 
with  the  alumina  and  bonded  to  the  stainless  steel  stop-off  sheet.  For 
future  bonding,  it  was  planned  that  the  external  surfaces  of  the  top  and  bottom 
aluminum  matrix  sheets  would  not  be  silver  plated. 

An  alternative  stop-off  sheet  design  developed  under  a  concurrent  composite 
program  (Reference  5/)  uses  hard  snedized  aluminum  sheets.  This  sheet  was  evalu¬ 
ated;  the  specimens  were  readily  removed  and  were  not  encrusted  with  the 
fer  alumina  present  on  earlier  specimens. 


COMPOSITE  FABRICATION  SUMMARY 

The  foregoing  discussion  has  described  the  design  and  fabrication,  of  the 
composite  specimens,  Ihe  collated  specimens  variod  slightly  item  tfca  original 
design  requirement*  but  were  considered  satisfactory  for  nssviestsu&fciva  evalu¬ 
ation,  The  actual  composite  specimen  thicknesses  and  valise  ratio*  are  ihcwa 
in  Table  II. 
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Table  II 


tXMPosm-  spEcimN  thickness  5  voume  ratio  mMimmss 


Specimen 


Tungsten- Copper 

10  BF 
15  BF 
20  BF 
25  BF 
15  FM 
IS  M 
15  A 

Boron-Titanium 

10  BF 
15  BF 
20  BF 
25  BF 
15  FM 
15  M 

Boren-Alundnua 

10  BF 
15  BF 
20  BF 
25  BF 
15  FM 
15  M 


Thickness  fin.) 

Voluas  Ratio 

.No*  of 
Fiber  Layers 

Measured 

Required 

Calculated  t 

0.039 

0.040 

'  Bf4 

'  3 

0,043 

0.040 

13,4 

4  : 

o.oso 

0,043 

16,5 

S 

0.051 

0,040 

21.1 

4 

0.086 

0,090 

13.2 

9 

0.135 

0,125 

14.1 

15 

0,265 

0,250 

14,3 

23 

0.056 

0.040 

8.1 

3" 

0.045 

0.040 

12.2 

4 

0.061 

0.040 

13.0 

3 

0.041 

0.04G 

21.0 

4 

0.087 

0,090 

13,4 

9 

0.133 

0,125 

13,7 

14 

0.056 

0.040 

3.8 

3 

0.037 

0,040 

10.0 

3 

0,040 

0,040 

12.5 

4 

0.052 

0,040 

20,1 

4 

3,092 

0,090 

13,1 

8 

0,145 

0,125 

11.4 

14 

. . . . — — . 

Specimen  Code:  10 ^  15,  20,  25  *  VeXusse  Ratio  Percentage;  BF  -  Induces  Broken 
Fibers  |  *  Lack  of  Fiber-Matrix  Bond;  M  -  Includes  Matrix 

Voids  j  A  «  Fiber  MisaXijpBsnt, 
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AfetsIlosTgphic  inspection  was  performed  os*  all  cs^esite  specimens  to 
determine  the  following  characteristics:  fiber  distribution,  fiber/matrix 
ratio,  evidence  of  diffusion  bond  between  fiber  and  matrix,  and  between  ma¬ 
trices.  Mstsllographic  specimens  were  prepared  by  shearing  one-half  inch 
strips  free  the  end  of  each  coaposite  specimen  normal  to  the  fiber  length. 

These  strips  also  contained  portions  of  the  foil  used  during  filament  wrapping 
to  provide  smooth  transitional  area;  however,  the  foil  did  not  interfere  with 
the  inspection. 

The  specimen  strips  were  polished,  etched  and  viewed  on  plane  normal  to 
the  fiber  length.  Photographs  were  taken  of  each  specimen  at  1QX,  150X  and 
SOQX  magnification  and  are  presented  in  Appendix  I.  The  boron-aluminira  25  BF 
specimen  was  also  cut  in  a  plane  psr*llel  to  the  fiber  length  and  viewed  at 
150X  and  250X  magnification. 

The  tungsten- copper  sjjeciiaens  ware  polished  with  600  grit  silicon  carbide 
paper  and  macro-etched  with  a  hydro floric-nitric  acid  solution.  The  fiber 
aiigissant  and  volume  ratio  were  determined  by  optical  inspection  using  a 
Bausch  and  Lcmb  Metailogrsph.  The  specimens  were  agnin  polished  with  600  grit 
paper  and  given  &  microfinish  with  a  Syntrcn  Vibratory  Polisher  and  then 
etched  with  an  saaociiai  persulfate  solution.  Upon  subsequent  inspection  at 
increased  magnification,  it  was  concluded  that  satisfactory  bonding,  fiber 
alignment  and  fiber/matrix  volume  ratio  were  achieved  for  nondestructive  test¬ 
ing  evaluation. 

The  boreal-titanium  composite  specimens  were  cross-sectioned  in  a  Radiac 
with  a  water  cooled  carborundum  wheel  and  rough  ground  on  a  150  grit  silicon 
carbide  sanding  belt.  Rather  grinding  was  done  using  water  cooled  silicon 
carbide  papers  of  320,  400,  and  600  grit.  Because  the  hardness  of  titanium 
differs  greatly  from  boron,  a  special  polishing  technique  was  employed.  The 
specimen  was  polished  on  a  nylon  fabric  covered  vibrating  table  using  0.3  micron 
alumina  powder  and  distilled  water.  The  specimen  was  weighted  and  polished  for 
three  hours,  etched  with  a  10  percent  nitric  acid  solution,  flushed  with 
othanol,  and  air  dried. 

The  bortm-alianira*s  specimens  proved  extremely  difficult  to  prepare  for 
raetallographic  inspection  due  to  the  extreme  d’fference  in  hardness  of  the 
boron  and  softness  of  the  aluminum.  The  polishing  process  finally  adopted  was 
as  follows:  Initial  rough  grinding  of  specimens  was  accaspliahed  on  a  water 
cooled,  150  grit  silicon  carbide  sanding  belt.  Subsequently,  the  specimens 
were  ground  progressively  on  320,  400,  and  600  grit  silicon  carbide  paper. 

After  completion  of  the  grinding  operations,  the  specimens  wars  polished  m  a 
Syntrcn  vibratory  polisher  using  a.  slurry  of  Linda  A  alumina  polishing  powder 
with  a  nylon  polishing  cloth  for  a  period  of  three  hours.  This  produced  a  sdni- 
an  of  relief  between  the  boron  sad  aiualaaa.  The  specimens  were  then  polished 
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on  a  stationary  lap  covered  with  a  Gsmal  cloth,  which  was  impregnated  with  14 
micron  diamond  paste,  to  remove  any  pitting.  Rslief  between  the  boron  and 
aluminum  was  produced  at  this  point  and  specimens  had  to  be  polished  for  an 
additional  eight  hours  on  the  vibratory  polisher.  Final  polishing  was  accom¬ 
plished  on  s  stationary  lap  covered  with  a  Gamal  cloth  impregnated  with  one 
micron  diamond  paste.  Etching  was  done  with  Kellers  etch.  The  microphotographs 
shown  in  Appendix  I  represent  results  obtained  after  using  this  process. 

Preparation  of  the  micro  specimen  cut  in  the  plane  of  the  fibers  was  done 
by  a  further  improvement  in  the  polishing  method.  After  grinding  on  the  150 
grit  silicon  carbide  belt,  the  specimens  were  polished  on  a  lead  lap  with  ex¬ 
tremely  fine  boron  carbide  powder.  This  was  followed  with  Syntrcn  vibration 
polishing  for  eight  hours,  and  final  hand  lapping  on  a  one  micron  diamond  cloth. 
The  specimens  were  etched,  rinsed  and  photogr^  -d  at  11  'a  and  250X  magnifi¬ 
cation  (Figure  9) .  A  distinct  inprovement  was  noted  in  specimens  prepared  by 
this  method  although  seme  evidence  of  aluminum  gouging  and  relief  still  occurs. 
Although  additional  work  on  the  polishing  process  would  be  beneficial,  the 
method  is  satisfactory  for  the  intended  purpose e  Better  metallurgical  resolu¬ 
tion  might  be  achieved  by  electropolishing  or  ion  etching  techniques. 

Representative  specimens  of  the  W-Cu,  B-Ti,  and  B-Ai  coccosrites  were  ex¬ 
amined  by  means  of  a  Hitachi  HU-11  Electron  Microscope.  Replicas  of  the  micro- 
polished  specimens  were  studied  in  detail  and  representative  photographs 
(included  in  Appendix  I)  were  taken  at  5600X  and  32,000X  magnification.  The 
two-stage  replica  method  employed  in  specimen  preparation  is  described  below. 

A  cellulose-acetate  sheet  was  softened  on  one  side  with  an  acetone- 
cellulose  acetate  solution.  The  soft  side  was  pressed  by  hand  onto  the  micro 
specimen  and  held  until  the  cellulose-acetate  partially  hardened.  After  the 
replica  was  thoroughly  dry,  it  was  carefully  stripped  from  the  specimen  and 
mounted  face  up  in  a  vacuum  evaporator.  At  a  vacuum  of  10~5  torr,  platinum- 
carbon  was  evaporated  at  a  shadowing  angle  of  30  degrees.  Carbon  was  then 
deposited  normal  to  the  replica  surface  while  the  replica  was  revolved  for 
complete  film  formation  over  its  rough  surface.  The  composited  replica  was 
then  removed  from  the  vacuum  chamber  and  the  plastic  dissolved  by  submersion  in 
acetone.  The  remaining  carbon-platinum  shadowed  carbon  replica  was  collected 
on  a  microscope  grid  for  examination  in  the  electron  microscope. 


The  photographs  of  the  W-Cu  specimen  shewed  evidence  of  polishing  marks 
and  minor  dirt  spots.  The  fiber-matrix  juncture  is  clearly  seen.  The  B-Al 
photographs  show  the  boron- alumimsi  juncture  and  the  aluminum  matrices  juncture. 
An  amount  of  carbon  socking  is  seen  in  the  cracks  due  to  specimen  surface 
roughness.  The  B-Ti  photograph  showed  the  fiber  matrix  juncture,  particles  of 
boron  displaced  in  the  matrix,  and  carbon  socking.  Direct  replicating  could 
improve  the  appearance  of  the  specimen, 
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TECHNICAL  APPROACH 


Both  broad  and  narrow  besa  x-rsy  inspections  were  performed  on  the  three 
types  of  cceposite  specimens.  The  Seifert  Industrial  X-Ray  Ifeit,  "lscvolt  300" 
was  used  for  the  source  of  the  x-ray  besa.  The  x-ray  unit  has  a  twin  focus 
capability,  two-pole  operation,  and  both  broad  besa  and  narrow  beam  radiographic 
performance.  The  target  to  film  distance  was  maintained  at  44  inches  for  all 
broad  besa  testing,  to  obtain  maxima  resolution.  For  the  sfase  reason,  the 
smaller  available  diameter  target  focal  spots  were  used  although  the  maximum 
current  was  limited  and  longer  exposure  times  were  required.  Exposures  were 
made  with  the  standard  Eastman  Kodak  Ccqpany  Type  M  double  cauls  ion  film  and 
the  high  resolution  but  slower  Type  R  single  emulsion  x-ray  film.  The  films 
were  all  developed  by  manual  methods  in  a  standard  Eastman  Kodak  developer  in 
accordance  with  the  manufacturer’s  recaamended  process. 

Narrow  beam  radiography  was  conducted  with  a  lead  collimator  over  the 
outlet  port  of  the  x-ray  head.  The  2-1/4  inch  thick  collimator  had  a  bore 
1/2  inch  by  1/4  inch.  The  plate  and  film  were  placed  on  a  traversing-indexing 
mechanism  (normally  used  for  ultrasonic  inspection).  Specimen  to  focal  spot 
distance  was  9-1/2  inches  and  the  4  a®  focal  spot  was  used.  Preliminary 
studies  were  made  to  investigate  the  scanning  rate  requirsssts.  The  slowest 
rate  of  travel  is  7.3  cycler  per  minute  with  an  approximate  0.0S  inch  index 
travel  per  cycle.  At  this  rate,  the  5  x  10  inch  specimens  were  scanned  in 
approximately  20  minutes.  The  test  system  and  collimator  are  shea®  in  figures 
10  and  11. 

Preliminary  tests  designed  to  study  the  techniques  of  defect  simulation 
were  carried  out  on  two  tungstai- copper  specimens,  each  0.050  indies  thick  and 
both  of  which  contained  10  percent  and  25  percent  volute  ratio  (nominal)  sec¬ 
tions.  This  specimen  was  radiographed  under  various  voltage,  current  and  ex¬ 
posure  time  conditions.  The  results  were  evaluated  for  possible  improvement 
of  defect  detectability .  Table  III  shews  the  test  conditions  and  the  radio- 
graphic  results.  Photographic  prints  of  the  radiographs  are  shown  on  Appendix 
II,  Figures  67  to  78.  (^ftiraas  results  were  obtained  at  90  KV,  3.5  ma,  2  na 
target  and  4.5  minute  exposure  for  the  simultaneous  detection  of  broken  or 
misaligned  fibers  in  the  two  sections.  The  150  KV  exposures  were  best  for 
photographic  prints  and  resolution  details  within  the  specimen. 

For  subsequent  composite  specimens,  the  optimum  exposure  conditions  were 
determined  by  making  exposures  for  5  te  8  voltages  varying  in  steps  of  not  more 
than  10  KV  and  for  at  least  thrie  exposure  conditions.  In  the  discussion  of 
results,  only  the  optisss  conditions  are  considered,  which  have  been  selected 
free  100  te  150  trial  radiographs  for  each  ccsgosite  specimen  type. 
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Table  III 


RADIOGRAPHIC  INSPECTION  OF  TUNS>n^-COPFER  10/25BF 
EvMJmim  SPECIMENS 


Figure 

No.* 

Voltage 

m 

Current 

(a*) 

Focal 

Disaster 

(na) 

Exoosure 

Time 

(sin) 

REMARKS 

B-i 

75 

10 

4 

2 

Fiber  detail  obscurred;  specimen 
edges  without  fiber  layers 
clearly  defined. 

B-2 

80 

10 

4 

2 

10  percent  fiber  area  resolution 
improved. 

B-3 

80 

3.5 

2 

6 

Longer  exposure  and  smaller  tar¬ 
get  greatly  improves  10  per¬ 
cent  area. resolution. 

B-4 

90 

3 

2 

4.5 

Radiograph  slightly  under  exposed 
best  resolution  of  10  and  25 
percent  areas. 

B-S 

100 

3.5 

2 

4 

Same  as  above,  with  slight  loss 
of  10  percent  area  detail. 

B-6 

170 

4 

2 

2.5 

Used  0.005  inch  thick  lead 
screen  voder  fils;  major  loss 
of  detail. 

B-7 

150 

3.75 

2 

6 

Type  R  film  and  lead  screen 
used;  good  resolution  in  25 
percent  area  only. 

B-8 

150 

3.5 

2 

3 

Exposure  optimized  for  25  per¬ 
cent  area;  single  fiber  breaks 
evident  on  negative. 

B-9 

90 

3.75 

Z 

10 

Specimen  turned  over;  results 
similar  to  B-4,  above. 

B-10 

90 

3.75 

2 

6 

Lead  screens,  both  sides,  with 
significant  overall  loss  of 
resolution. 

B-ll 

90 

3.75 

2 

6 

Lead  screen  below  film;  no 
apparent  improvement. 

B-12 

150 

3.75 

2 

1,75 

No  screens  used;  results  similar 
to  B-4,  above. 

•Ffestegrsphs,  App&idix  II 
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PENFntAMSlERS 

Riree  b^sic  types  perrotraaKsiers  were  developed  for  establishing  radio - 
graphic  sensitivity  levels  for  fiber  matrix  composites.  The  pen strs^ter  design 
considered  the  detection  sensitivity  of  the  two  types  of  fiber  materials  as 
related  to  the  respective  matrix  material. 

Two  forms  of  fiber  penetraraeters  were  constructed  by  casting  the  fibers  in 
a  plastic  form.  The  first  form  contained  0.002,  0.003,  and  0.005  inch  diameter 
fibers  positioned  to  form  right  angles.  The  second  form  of  fiber  penetrsastar 
vised  six  0.004  inch  diameter  boron  or  tungsten  fibers  positioned  in  a  fan  form 
spaced  five  degrees  apart  and  convergent  at  the  center.  Figure  12  is  a  photo¬ 
graph  of  one  of  the  fan  penetraaeters  approximately  1/4  inch  thick  by  £-1/2 
inch  diameter.  The  fibers  all  pass  through  a  common  point  and  fan  ait  at  five 
degrees  increments.  Figure  13  stows  a  radiograph  taken  of  the  penetrans  ter  po¬ 
sitioned  over  the  matrix  material.  Radiographs  were  taken  at  90,  110,  and 
130KV  tube  voltages.  Good  detail  is  shown  at  the  higher  voltages. 

Since  little  was  known  about  the  effect  of  boron  in  radiography,  a  rasaber 
of  elemental  chunks  of  pure  boron  were  procured  for  penetrameter  application. 

The  chunks  were  first  rough  polished  to  tapered  forms,  cast  in  plastic  and 
finish  polished.  These  tapered  sections  were  subsequently  inspected  radio¬ 
graphically.  However,  little  information  could  be  obtained  due  to  the  compara¬ 
tive  gross  thickness  of  the  boron. 

A  form  of  step  penetrameter  was  prepared  using  the  matrix  material.  A 
0.005  x  1/4  x  6  inch  foil  strip  was  obtained  of  pure  copper,  titanium  and 
alisninun.  The  foil  was  drilled  with  four  holes  ranging  from  0.0037  to  0.010 
inch  diameter.  The  strips  were  adhesive  bonded  to  1/4  inch  thick  sheet  stock 
of  the  same  material.  Figures  14,  15  and  16  show  these  strips  and  related 
microptotographs  at  250X  magnification  of  the  holes.  The  holes  were  remark¬ 
ably  well  formed  considering  the  use  of  mechanical  drilling.  The  foil  pene- 
trsmeters  were  chocked  radiographically  at  up  to  100  KV  without  detecting  the 
presence  of  the  holes.  Some  data  was  obtained  at  150  KV;  the  fiber  fan  pene- 
traneter  was  centered  over  the  largest  hole  to  determine  the  capability  of 
simultaneous  detection.  The  result  was  negative. 

The  foil  strip  peaetrassters  were  subsequently  used  in  the  composite  speci¬ 
men  inspection.  The  copper  peastraraoter  was  placed  beside  the  tungsten-copper 
specimen  during  bread  bean  radiographic  inspection.  Inconclusive  data  were 
obtained  to  relate  the  penetrameter  information  to  the  specimen  defect  detec¬ 
tion  sensitivity. 


RADIOGRAPHY  OF  TLNGSTEN- COPPER  COMPOSITE 

Radiographic  test  conditions  are  shown  in  table  IV.  Both  Eastman  Kodak 
Type  M  and  R  film  were  evaluated.  Photographs  of  the  radiographic  negatives 
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Three  basic  types  of  penetr@®eters  were  developed  for  establishing  rsdic- 
graphic  se*xsitivity  levels  for  fiber  matrix  composites.  The  penstrffiaeter  design 
considered  the  detection  sensitivity  of  the  two  types  of  fiber  mater *-ls  as 
related  to  the  respective  matrix  material. 

Two  forms  of  fiber  penetrans  tors  were  constructed  by  casting  the  fibers  in 
a  plastic  form.  The  first  form  contained  0.002,  0.003,  and  0.005  inch  diameter 
fibers  positioned  to  form  right  angles.  The  second  form  of  fiber  peaetrasaatsr 
used  six  0.004  inch  diameter  boron  or  tungsten  fibers  positioned  in  a  fan  form 
spaced  five  degrees  apart  and  convergent  at  the  center.  Figure  12  is  a  photo - 
grapn  of  one  of  the  fan  penetrate ters  approximately  1/4  inch  thick  by  5-1/2 
inch  diameter.  The  fibers  all  pass  through  a  conroon  point  and  fan  out  at  five 
degrees  increments.  Figure  13  sliows  a  radiograph  taken  of  the  penefrsmeter  po¬ 
sitioned  uver  the  matrix  material.  Radiographs  were  taken  at  SO,  110,  and 
130KV  tube  voltages.  Good  detail  is  shown  at  the  higher  voltages. 

Since  little  was  known  about  the  effect  of  boron  in  radiography,  a  number 
of  elemental  chunks  of  pure  boron  were  procured  for  penetrameter  application. 

The  chunks  were  first  rough  polished  to  tapered  forms,  cast  in  plastic  and 
finish  polished.  These  tapered  sections  were  subsequently  inspected  radio¬ 
graphically.  However,  little  information  could  be  obtained  due  to  the  compara¬ 
tive  gross  thickness  of  the  boron. 

A  form  of  step  penetrameter  was  prepared  using  the  matrix  material.  A 
0.005  x  1/4  x  6  inch  foil  strip  was  obtained  of  pure  copper,  titanium  and 
aluminum.  The  foil  was  drilled  with  four  holes  ranging  from  0.0037  to  0.010 
inch  diameter.  The  strips  were  adhesive  bonded  to  1/4  inch  thick  sheet  stock 
of  the  same  material.  Figures  14,  15  and  16  show  these  strips  and  related 
microphotographs  at  250X  magnification  of  the  holes.  The  holes  were  remark¬ 
ably  well  formed  considering  the  use  of  mechanical  drilling.  The  foil  pene- 
t meters  were  checked  radiographically  at  up  to  100  KV  without  detecting  the 
presence  of  the  holes.  Sane  data  was  obtained  at  150  KV;  the  fiber  fan  pene¬ 
trameter  was  centered  over  the  largest  hole  to  determine  the  capability  of 
simultaneous  detection.  The  rekilt  was  negative. 

The  foil  strip  penetrsaeters  were  subsequently  used  in  the  composite  speci¬ 
men  inspection.  The  copper  penetrameter  was  placed  beside  the  tungs-  -a- copper 
specimen  during  broad  beam  radiographic  inspection.  Inconclusive  dt  were 
obtained  to  relate  the  penetrameter  information  to  the  specimen  defect  detec¬ 
tion  sensitivity. 


RADIOGRAPHY  OF  TUNGSTEN- COPPER  COMPOSITE 

Radiographic  test  conditions  are  shown  in  table  TV.  Both  Eastman  Kodak 
Type  M  and  R  film  were  evaluated.  Photographs  of  the  radiographic  negatives 
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Figure  13. 


Radiographic  Penetrans  ter  at  90- , 


110- ,  and  130  KV 
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arc  presented  in  Appendix  II.  The  following  discussion  describes  the  radiographic 
inspection  of  the  tungsten-copper.  boTcn-titanius.  artrf  boresi-sltEdnuE  composite 
specimens. 

Table  IV 

RADIOGRAPHIC  DATA  FOR  Tl&GSTEN -  COPPER  SPECIMEN  INSPECTION 


Specimen 

Identification 

Method 

Film 

Type4 

Tube 

Potential 

Exposure 

Time-Min 

Focal 

Spot 

Diameter 

Focal 

Spot  Film 
Distance 

10BF 

Broad  Beam 

M 

150  KV 

1.25 

t 

1.2  mm 

45  in. 

15BF 

Broad  Beam 

M 

1 

150  KV 

i 

1.75 

45  in. 

15BF 

Broad  Beam 

R 

150  KV 

6 

45  in. 

15BF 

Broad  Beam 

R 

150  KV 

10  sec 

4.0  ran 

9  1/2  in. 

20BF 

Broad  Beam 

M 

170  KV 

2 

1.2  ran 

45  in. 

25BF 

Broad  Beam 

M 

190  KV 

2.25 

1.2  ran 

45  in. 

15FM 

Broad  Beam 

M 

170  KV 

2.25 

1.2  ran 

45  in. 

ISM 

Broad  Beam 

M 

190  KV 

4 

1.2  ran 

45  in. 

15A 

Broad  Beam 

M 

250  KV 

10 

1.2  ran 

i.  . 

45  in. 

*A1I  M  film  was  double  emulsion,  while  all  R  film  was  single  emulsion. 


Broken  Fiber  Defect  Detection 


Examination  of  the  x-rays  for  the  four  W-Cu  specimens  10,  15,  20,  are! 

25  BF  clearly  shows  all  deliberately  introduced  fiber  breaks.  A  number  of  mis¬ 
aligned  fiber  ends  and  short  pieces  of  loose  fiber  are  also  visible  in  the 
x-rays;  these  are  outlined  in  black  on  the  radiograph  positive  prints.  There 
is  also  evidence  of  striation  in  the  specimen,  i.e.,  a  dense  strip  approximately 
1/4  x  S  alternating  with  a  less  dense  strip  across  the  length  of  the  specimen. 
This  striation  is  the  result  of  bundling  of  the  fibers  and  is  shown  by  the 
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pattern  changes  from  a  slat  fora  to  a  herringbone  fora  with  increasing 
tungsten  content;  the  striations  do  not  appear  in  the  FH,  M,  and  A  specimen 
x-ray  prints.  In  the  prints  of  the  10  BF  and  25  FF  specimens,  it  appears  that 
the  f ih*rs  following  the  series  of  five  breaks  have  pushed  together  creating 
a  dense  overlap.  All  z-xays  show  individual  fibers  in  broken  or  misaligned 
conditions.  The  radiographs  also  indicate  that  the  narrow  beam  radiography 
provides  a  better  image  than  broad  beam,  and  Type  R  film  is  better  than  Type  M 
film;  however*  the  quality  of  the  Type  M  film  is  sufficient  for  this  exa&ina- 
tioa,  with  significant  tine  savings. 

The  radiograph  of  the  W-Qu  Specimen  15  A  shows  only  a  slight  fiber  mis¬ 
alignment.  This  misalignment  appears  as  unusual  density  variation  in  the 
specimen. 

Film  exposures  were  made  by  the  broad  beam  method  on  both  Type  M  double 
emulsion  film  and  Type  R  single  erailsicn.  film.  Stationary  method  narrow  beam 
exposures  were  made  of  the  defect  areas  on  Type  A  single  emulsion  film.  The 
defect  areas  for  all  three  radiographic  techniques  were  enlarged  to  1QX  magni¬ 
fication,  and  printed  as  positives  for  further  evaluation  of  test  techniques. 
Examination  of  the  film  demonstrated  the  superior  image  sharpness  or  clarity 
of  the  broad  and  narrow  beam  techniques  on  Type  R  film  as  compared  to  the 
broad  beam  technique  on  Type  M  film.  The  difference  between  image  sharpness 
for  the  broad  and  narrow  beam  techniques  was  at  best  slight,  with  the  narrow 
beam  technique  exhibiting  the  sharper  film  images.  However,  it  must  be  noted 
that  all  three  methods  were  equally  effective  in  disclosing  the  actual  defect 
conditions. 


Disbond  Defect  Detection 

Three  areas  of  the  radiograph  of  W-Cu  Specimen  15  TM  shewing  lack  of 
fiber-matrix  bond  are  visible  on  the  x-ray  film.  The  disbond  areas  appear  as 
a  slightly  more  dense  area  than  the  surrounding  view.  This  density  difference 
results  from  the  alumina  used  to  create  the  deliberate  disband** 

The  areas  of  matrix  disbond  on  W-Cu  Specimen  15  M  are  visible  on  the 
radiographic  film  and  the  film  positive  prints.  The  fiber  misalignment  is 
evidently  the  result  of  manufacture  of  the  disbonds  and  shows  the  relief  ap¬ 
parent  on  the  x-ray  film. 

Film  exposure  on  W-Cu  Specimen  15  BF  was  made  by  the  broad  beam  method  on 
both  Type  M  double  emulsion  film  and  Type  R  single  emulsion  film.  Stationary 
method  narrow  beam  exposures  were  made  of  the  defect  areas  in  this  specimen  cm 
Type  R  single  oaulsion  film.  The  defect  areas  for  all  three  radiographic  tech¬ 
niques  were  enlarged  to  IQX  magnification,  and  printed  as  positives  for  further 
evaluation  (Figures  17  and  IB),  Examination  of  the  figures  demonstrated  the 
superior  image  sharpness  or  clarity  of  the  broad  and  narrow  bees  techniques  on 
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Figure  17.  Tungsten-Coppei  I3BF  Narrow  Beam  Radiograph  at  10X  Enlargement , 

Type  M  Film 


Type  R  film  as  compared  to  the  broad  beam  technique  on  Type  M  film.  The  diffe. 
ence  between  image  sharpness  fs*>  vhv  biuou  Suu  nsiiun  bcesn  techniques  was  at 
best  slight  with  the  narrow  beam  technique  exhibiting  the  sharper  film  images. 
However,  all  three  methods  were  equally  effective  in  disclosing  the  actual 
defect  conditions. 


Stereo  Radiography 


A  stereo  radiograph  was  made  of  W-Cu  Specimen  15  BF  using  Type  R  deub?®> 
emulsion  film  (developed  manually  in  Kodak  Rapid  X-Ray  Developer  at  68. F  foi 
five  minutes).  Lead  screens,  0.005  inch  thick, -were  used  both  in  front  and 
back  of  the  films.  The  films  were  exposed  for  a  period  of  six  minutes  with 
the  x-ray  tube  operating  at  150  KV  with  the  snail  target  and  maxuraon  current. 
Initially,  the  x-ray  tube  was  centered  approximately  47  inches  above  the  speci¬ 
men;  the  tube  was  then  moved  12  inches  to  the  left,  and  tilted  to  an  angle  of 
10°  toward  the  specimen.  The  right-hand  photo  was  made  in  a  similar  .manner. 

The  x-ray  films  and  photographic  prints  of  the  films  were  both  viewed  in  three 
dimensions  with,  a  GE  Medical  Stereoscope.  The  pictures  were  mounted  with 
14  inches  center  displacement  and  viewed  with  the  eyes  about  13  inches  from  the 
plane  of  the  prints.  An  unsuccessful  attempt  was  made  to  enlarge  a  section  of 
the  stereo  x-ray  film  by  10X  and  to  view  a  section  in  stereo.  Figures  19  and 
20  show  left  and  right  stereo  views  of  the  W-Cu  25  BF  specimen.  They  can  be 
viewed  stereographically  by  placing  them  side  by  side  about  14  inches  apart  and 
using  a  simple  stereo  device  or  cardboard  sheet  between  the  eyes.  Such  obser¬ 
vation  indicates  that  the  fiber  breaks  are  located  in  the  bottom  layer  of  the 
specimen. 


RADIOGRAPHY  OF  BORON-TITANIUM  COMPOSITE 

The  boron- titaniun  specimens  were  inspected  by  broad  beam  radiographic 
techniques.  Initial  tests  were  made  using  both  Eastman  Kodak  Company  Type  M 
double  emulsion  x-ray  film  and  Type  R  double  emulsion  x-ray  film.  The  x-ray 
mass  absorption  coefficients  of  boron  and  titanium  are  much  closer  than  for 
the  tungsten-copper  specimens;  therefore,  the  superior  resolution  of  the  Type  R 
film  relative  to  the  more  standard  Type  M  became  significant.  The  electron 
density  of  the  boron- titaniisn  specimens  is  considerably  lower  than  the 
tungsten-copper  specimens.  Therefore,  lower  beam  energies  and  such  shorter 
exposure  times  could  be  employed.  For  these  reasons.  Type  R  double  emulsion 
x-ray  film  was  selected  for  inspecting  the  boron-titanium  specimens.  Lead 
screens,  0.005  inches  thick,  were  used  at  the  back  of  all  films.  Lead  screens 
this  size  cannot  be  used  in  front  of  the  films  for  tube  energies  less  than 
150  kilovolts. 

The  preliminary  inspection  of  these  specimens  paralleled  that  o*  the 
tungsten-copper  where  a  series  of  trial  exposures  were  made  to  determine 


45 


47 


optiirazn  radiographic  conditions.  The  optirura  radiographic  conditions  are  sum¬ 
marized  in  Table  y.  Photographs  of  the  x-ray  negative  for  each  specimen  arc 
shown  in  Appendix  II  ,  Figures  86  to  97.  Radiographs  were  taken  from  both 
sides  of  all  specimens  to  determine  the  effect  of  depth  on  defect  detection. 


Table  V 

RADIOGRAPHIC  DATA  FOR  BORON-TITANIm  SPECIMEN  INSPECTION 


Specimen 

Identification 

Tube 

Potential 

! - 

Current 

(ma) 

Focal  Spot 
Diameter 

(m) 

Exposure  Time 
(minutes) 

10BF 

90KV 

3.5 

1.2 

4.5 

15BF 

90KV 

3.5 

1.2 

4.75 

20BF 

90KV 

4 

1.2 

5 

25BF 

90KV 

4 

1.2 

5 

15FM 

110KV 

4 

1.2 

5 

L‘M 

130KV 

4 

1.2 

5 

Focal  spot  distance  45  inches 
Type  M  double  enulsion  film 


Broken  Fiber  Defect  Detection 


B-Ti  Specimen  10  BF  -  The  fair  breken  fiber  areas  are  readily  identified; 
however,  close  examination  is  required  to  :  lentify  the  actual  fiber  breaks.  A 
series  of  unexplained  defects  is  also  ©vide,.:.  The  dark  spots  that  appear  as 
ink  spots  were  caused  by  pin  holes  in  the  x-ray  film  emulsion. 

3-Ti  Specimen  IS  BF  -  The  four  broken  fiber  areas  are  apparent;  however, 
detail  fiber  characteristics  cannot  be  identified.  It  appears  that  tension 
was  lost  on  a  series  of  filaments  and  several  fibers  appear  to  cross  over  each 
other. 

B-Ti  Spochmt  10  BF  -  A  large  number  of  defects  were  apparent  in  this 
specimen.  The  deliberate  defects  were  identified  as  well  as  crossed-over 
fibers,  and  other  iniacccrjntabXe  indications. 

B-Ti  Specimen  25  BF  -  The  best  defect  resolution  was  obtained  with  this 
specimen,  A  broak  in  the  outer  titanitsa  matrix  sheet  is  quite  light.  Delib¬ 
erate  defects  as  well  as  crossed  fibers  were  apparent . 
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Disbond  Defect  Detection 


B-Ti-Speciaen  IS  F  -  The  appearance  of  fiber  disbond  areas  is  similar  to 
that  of  fiber  gaps.  The  disbond  areas  were  clearly  evident.  A  break  in  the 
matrix  sheet  is  also  seen. 

S-Ti  Specimen  15  M  -  The  matrix -to -matrix  disbonds  were  not  detected. 
Several  crossed  fibers  were  evident. 


RADIOGRAPHY  OF  BORON -ALUMINUM  COMPOSITE 

The  boron- aluninun  specimens  were  inspected  by  normal  broad-beam  radio- 
graphic  techniques.  All  tests  were  made  using  Eastman  Kodak  Company  Type  R 
single-emulsion  x-ray  film.  The  single  emulsion  film  was  considered  to  give 
better  resolution  for  the  boron- aluninun  specimens  than  the  double-emulsion 
type  The  x-ray  mass  absorption  coefficients  of  boron  and  aluninun  are  very 
clo*e  and  delineation  becomes  difficult. 

The  silvei  foil  used  in  fabrication  of  the  defect  mat  created  a  problem 
in  the  determination  of  optimum  exposure.  The  silver  foil  gives  the  radio¬ 
graphs  a  Venetian  blind  appearance.  The  foil  appeared  to  have  many  small 
cracks  perpendicular  to  the  width  of  the  foil  and  followed  the  fibers.  Areas 
where  the  foil  was  folded  were  also  readily  visible.  Lead  screens,  0.005- inch- 
thick,  were  used  at  the  back  of  all  films.  All  films  were  developed  by  manual 
methods  in  Kodak  Rapid  X-Ray  Developer  at  68  degrees  Fahrenheit  for  five 
minutes. 

All  of  the  specimens  were  radiographically  inspected;  photographs  are  in¬ 
cluded  in  Appendix  II,  Figures  98  to  103.  A  number  of  general  observations 
can  be  made  relative  to  the  radiographs.  The  individual  fibers  are  visible  on 
close  examination  of  the  original  x-ray  negative.  The  use  of  a  microscope  helps 
in  identification  of  individual  wires  but  is  a  tedious  and  fatiguing  operation. 
Definition  of  the  individual  wires  is  lost  in  some  positive  prints  of  the 
x-ray  films,  however,  the  loss  of  a  group  of  wires  is  readily  visible  in  a 
print  which  has  been  properly  processed.  Stress  cracks  can  be  seen  in  all  of 
the  silver  foils.  Specific  observations  for  the  individual  specimen  are  dis¬ 
cussed  in  the  following  paragraphs.  The  optimum  radiographic  conditions  are 
suasnarized  in  Table  VI. 


Broken  Fiber  Defect  Detection 

B-Al  Specimen  10BF  -  The  large  and  small  broken  fiber  squares  were  visible 
in  both  the  print  and  the  radiograph.  The  large  square  was  visible  in  the 
radiograph  but  not  in  the  print.  The  section  of  foil  visible  below  the  cutout 
area  does  not  contain  stress  cracks,  nor  does  it  have  superimposed  fibers.  It 
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Specimen 

Identification 

Tube 

Potential 

Current 
fra £.) 

Focal  Spot 
Diameter 
(am) 

Exposure  Time 
(minutes) 

10BF 

90KV 

4 

1.2 

3. 75 

15BF 

100KV* 

3 

1.2 

4 

20BF 

100KV 

4 

1.2 

3.5 

25F-F 

110JCV 

4 

!.2 

3.5 

15»1 

110KV 

4 

1.2 

4 

ISM 

120XV 

■ 

4 

1.2 

4 

Focal  spot  distance;  45  inches 
Type  M  double  emulsion  film 


cen  be  seen  that  this  section  of  undamaged  foil  is  over  the  large  square  area 
where  the  fibers  were  removed. 

B-Al  Specimen  15BF  -  The  large  and  small  broken  fiber  squares  were  visible 
in  both  the  print  and  radiograph  upon  close  examination.  Two  of  the  series  of 
fiber  breaks  wore  readily  visible. 

B-Al  Specimen  2GBF  -  The  large  and  snail  broken  fiber  square,  and  three  of 
the  broken  fiber  cuts  were  visible  in  both  the  original  radiograph  and  print. 
The  1/4  inch  square  was  easier  to  locate  on  the  print  than  on  the  radiograph. 

B-Al  Specimen  25BF  -  This  specimen  was  radiographed  twice,  once  with  each 
side  in  the  up  position.  The  large  and  small  squares  fozmed  by  cut  fibers  are 
readily  visible  in  the  prints.  It  appears  that  the  series  of  four  cuts  near 
the  top  of  the  prints  were  made  through  the  foil  and,  during  fabrication,  the 
cut  wire  positions  relative  to  foil  have  changed.  The  apparent  positions  of 
the  cut  fibers  and  strips  of  apparent  fiber  separation  were  visible. 


Disbond  Defect  Detection 

B-Al  Specimen,  15?  -  The  fiber  disbcnd3  were  not  detected.  The  series  of 
blotches  appearing  on  the  photograph  were  caused  by  contact  with  the  aluaisa 
stop-off  sheet  during  beading. 

B-Al  Specic*i  IS*  -  The  matrix  disbonds  were  not  detected. 
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RADIOGRAPH  DENSITOMETRY 


Radiographs  of  the  25  BF  boron-aluminum,  boron-titaiHum,  and  tungsten- 
copper  specimens  were  examined  by  a  light  densitometer.  The  radiographic 
negative  was  piactxl  in  a  Photovolt  Model  52  search  head  with  an  approximate 
1/8 -inch  diameter  light  source.  A  Phctovolt  Model  501M  readout  indicator  was 
used  to  set  the  average  light  intensity  value  for  properly  fabricated  specimen 
areas.  The  riidiograph  was  then  repositioned  for  viewing  areas  where  a  gross 
section  of  fiber  layer  had  been  removed.  The  average  light  intensity  value 
was  significantly  increased.  Additional  examination  was  made  in  local  areas 
where  single  and  multiple  fiber  breaks  were  known  to  exist;  here,  indicative 
light  changes  were  not  apparent.  It  was  concluded  that  smaller  light  sources 
and/or  higher  sensitivity  light  detectors  are  needed.  Presently  available 
photoelectric  cells  could  be  adapted  for  detection  improvement .  Although 
manual  scanning  was  employed,  the  light  densitcmetric  system  is  available  in 
automatic  scanning  models  and  would  '"*•  -  pplicable  for  this  type  of  inspection. 
Nominal  light  sensitivity  trigger  le could  be  established  based  on  the 
radiographic  film  type  and  preparation,  ..nd  actual  fiber  spacing/stacking 
density  factor. 


DYNAMIC  RADIOGRAPHY 


In  order  to  study  failure  mechanism  characteristics  of  fiber-matrix  com¬ 
posites,  direct  observation  of  the  fibers  during  failure  is  most  desirable. 
Experiments  were  therefore  conducted  to  determine  the  feasibility  of  using 
dynamic  x-ray  techniques  to  monitor  the  fibers  in  a  composite  during  fracture. 
Two-inch  tensile  test  specimens  were  prepared  using  a  single  layer  boron- 
titanium  and  tungsten- titanium  composite  materials.  The  specimens  were  mounted 
in  a  small  controlled  hydraulic  loading  tensile  fixture.  Strain  markers  were 
located  on  each  specimen  to  monitor  the  elongation.  The  loading  fixture  and 
specimen  were  mounted  beneath  a  Norelco  "Searchray'’  x-ray  system.  A  Vidicon 
camera  mounted  below  the  specimen  provided  direct  television  display  for  the 
test  and  provided  a  signal  for  a  magnetic  tape  recorder.  The  test  system 
(Figures  21  and  22)  was  checked  out  statically  to  determine  the  system  resolu¬ 
tion.  It  was  found  that  the  tensile  test  specimen  needed  to  be  in  immediate 
contact  with  the  Vidicon  camera  shield  for  optimum  sensitivity.  Since  this 
could  have  damaged  the  camera,  some  resolution  was  lost  by  moving  the  camera 
slightly. 

A  second  factor  affecting  sensitivity  was  due  to  the  reduced  specimen  tc 
x-ray  tube  spacing  caused  by  the  specimen  holder,  which  resulted  in  some 
parallax  error.  A  slight  fiizziness  due  to  these  factors  could  not  be  avoided, 
however,  good  fiber  detail  was  evident  in  both  of  the  boron  and  tungsten  fibers. 
For  the  tungsten  fiber,  voltages  of  73  Ky  showed  the  best  contrast,  but  the 
O.OQS  inch  diameter  tungsten  boride  cente1*  of  the  boron  fibers,  which  can  be 
seen  clearly  in  the  routine  x-rays,  appeared  to  be  just  beyond  the  limit  of 
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resolution.  A  two  inch  collimator  was  evaluated,  without  apparent  improvanfint; 
No  trouble  was  experienced  in  shewing  irp  strain  markers  of  tungsten  fiber. 

The  /magnetic  tape  recording  was  subsequently  converted  to  cinematographic 
film  and  printed  in  the  form  of  a  16  mm  film.  The  edited  film  shews  both  the 
test  setup  and  examples  of  dynamic  shots  made  during  a  tensile  test.  Pictures 
of  tungsten  filament  indicated  clearly  that  these  fibers .  in  the  specimens 
tested,  fracture  simultaneously  with  the  entire  specimen.  However,  the  frac¬ 
ture  of  boron  fibers,  which  is  known  to  occur  prior  to  failure  of  the  entire 
specimen,  could  not  be  resolved.  Both  radiographic  test  sequences  end  abruptly 
with  fracture,  as  the  specimen  ends  fly  away  from  the  observation  area,  which 
is  approximately  3/8  inch  square. 

Measurement  of  the  strain  is  possible  by  measuring  the  movement  of  the 
strain  markers  placed  on  the  specimen.  However,  this  movement  is  too  small  to 
be  observed  at  standard  motion  picture  speeds  and  must  be  measured  frame  by 
frame.  It  must  be  emphasized  that  these  tests  were  done  on  standard  equipment 
not  specifically  designed  for  the  testing  of  metal  matrix  composites.  Apart 
from  selecting  the  optimun  voltage,  no  modifications  were  carried  out.  Further¬ 
more,  seme  resolution  is  lost  in  making  a  film  from  the  tapes.  Direct  observa¬ 
tion  during  the  test  gives  better  contrast  and  definition. 

The  principal  conclusions  which  could  be  drawn  from  these  experiments  were 
as  follows: 

1,  The  dynamic  radiographic  observation  of  composites  is  entirely  feasible. 

2,  Power  output  of  tabes  should  be,  for  tungsten  material  resolution,  in 
excess  of  75  KV  and  15  ma,  Vidicon  tube-specimen  distance  should  not 
exceed  1/32  inch  and  the  specimen  x-ray  tube  should  be  as  large  as 
possible.  Another  possible  future  development  would  be  the  use  cf  a 
collimating  system. 

3,  The  Vidicon  tube  used  has  a  memory  of  about  one  minute,  ^  a 
dynamic  test,  this  memory  image  interferes  with  the  changing  instan¬ 
taneous  image.  No  memory  should  be  included  in  dynamic  test  tubes. 

4,  The  Vidicon  tube  used  had  a  line  resolution  of  0.0005  inches  per  line. 
Improved  resolution  would  allow  demonstration  of  the  tungsten  fila¬ 
ment  in  boron  fiber,  for  example. 

5,  Contrast  resolution  appears  adequate  for  the  materials  used. 
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The  successful  micro radiographic  inspection  of  thin  materials  and  coatings 
(several  thousandths  of  w!»  inch  thick)  has  oeen  reported  by  a  number  o£  inves¬ 
tigators  (McCXung ,  R.W.;  McMaster,  R.) .  They  report  extension  of  the  radio- 
graphic  process  to  inspection  detail  in  the  order  of  one  micron.  The 
feasibility  of  applying  microradicgraphy  to  the  metal  fiber-matrix  composite 
specimens  was  evaluate.  Microradicgraphy  differs  from  conventional  radiography 
in  the  energy  levels,  focal  film  distances,  exposure  times  and  recording  media 
used.  It  is  a  sophisticated  teclmique  utilising  a  vacuum  chamber,  a  vactnmi 
cassette  and  a  photo-sensitized,  single  emulsion  glass  slide  having  a  resolving 
power  of  2000  or  more  lines  per  millimeter.  Exceptional  sharpness  and  contrast 
are  obtained  and  the  resulting  image  ma;  be  magnified  many  times  without  loss 
of  definition. 

Trial  specimens  were  obtained  by  using  the  ends  or  the  5  x  10  inch  speci¬ 
mens  that  had  been  ait  off  for  microscopic  inspection.  The  end  pieces  con¬ 
tained  the  fiber -matrix  materials  and  pieces  >f  the  0.002  in.  stainless  steel 
foil  ’used  during  fabrication  fn  provide  a  smooth  transition  surface  for  the 
filament  winding.  An  end  piece  approximately  1/2  by  1-1/4  inch  was  selected 
from  each  of  the  13  percent  volume  ratio  specimens  B-Al  15  BF,  B-Ti  15BF,  and 
W-Cu  15BF. 

Microradiographic  techniques  were  applied  on  the  three  specimens  using 
the  General  Electric  Macro  Unit  which  has  an  energy  range  of  50  kilovolts  and 
50  milliamperes.  Excellent  results  were  obtained  on  all  except  the  copper- 
tungsten  which  is  too  dense  for  the  energy  range  of  the  micro  unit.  The 
B-Al  15BF  micrcradiograph  (Figure  23)  shows  excellent  resolution  of  fiber,  and 
0.002- inch  thick  stainless  steel  foil.  The  microradiograph  was  taken  with  the 
following  inspection  conditions:  40  JCV;  25  ma;  9- inch  focal  film  distance; 

5 -hour  exposure;  Eastman  Kodak-type  649-0  micrographic  plate.  Study  of  the 
microradiograph  slide  with  a  Bausch  f  bomb  Tris implex  Projector  shows  even 
further  £ibc?f  detail. 

Successful  boron- titanium  specimen  microradiographs  were  obtained  at 
40  KV,  25  ms,  9-inch  focal  distance,  3-hour  exposure  (figure  24).  The  tungsten- 
copper  specimen  was  successively  exposed  to  Higher  voltages  until  at  250  KV 
and  3 -hour  exposure  conditions,  successful  microradiographs  were  obtained. 

The  649-0  Kodak  plate  negative  may  be  magnified  by  photographic  and  raicioslide 
projection  up  to  10 OX,. 

Micro rsdiogTSphic  inspection  was  also  applied  to  study  the  fracture  area 
in  a  fiber  aatrix  conposite.  A  tensile  test  specimen  with  a  single  layer  of 
boron  fiber  and  titanium  matrix  was  fractured.  The  portion  of  the  specimen 
adjacent  to  the  fracture  was  used  for  the  micrcradiographic  inspection.  Fig- 
ire  25  shows  tho  fracture  zone  at  1GX  magnification.  The  fiber  detail  clearly 
shows  that  numerous  cracks  occurred  within  the  matrix. 
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Figure  24.  Micro radiograph  of  Boron -Titanium  25BF  at  40KV,  25ma,  3  Hour 
Exposure,  Shoving  Two  Photographic  Sensitivity  Levels 


Figure  25.  Microradiograph  of  Boron-Titanium  Single  Layer  Composite,  Etched 

(25KV,  23ma.  2  hour  exposure). 
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rt^)TOGilA?nIC  awjLAgUitgggPjT  OF  RADIOGRAPHS 

Prints  and  enlargements  ’were  made  from  the  tungsten- copper  25BF  specimen 
radiograph.  Radiographic  exposure  was  from  the  top  of  the  specimen,  at  30  KV 
foi  5  minutes.  A  direct  print  and  related  5X  photographic  enlargements  were 
made  from  the  negative  to  determine  if  photographic  enlargement  would  increase 
detectability  of  deliberate  broken  fiber  defects,  such  as  breaks  and  fiber 
gaps,  introduced  during  specimen  fabrication.  Results  are  shown  in  Figures  26, 
27  and  28.  The  enlargements  significantly  increase  visibility  of  defect  areas. 
A  single  broken  fiber  which  is  evident  only  through  microscopic  inspection  of 
Figure  26,  stows  19  very  plainly  in  the  5X  enlargement  (Figure  27) .  Minute 
fiber  aid  filaments  left  after  cutting  out  the  square  defect  section  are  also 
visible.  Four  out  of  place  fibers,  barely  visible  in  the  original  radiograph, 
are  very  evident  in  Figure  28. 
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Section  VI 


ULTRASONIC  INSPECTION 

ULTRASONIC  PROPERTY  MEASUREMENT 


Ultrasonic  velocity  measurements  were  made  cm  the  cce$»site  specimens 
using  pulse-echo  ultrasonic  instrumentation  and  employing  the  "multiple  back 
reflection  comparison"  technique.  Distilled  water  was  used  as  both  the  coupling 
and  sound  velocity  comparison  median.  This  technique  for  resolving  front  and 
back  surface  reflections  limited  its  use  to  those  samples  thick  enough  for 
front  and  back  surface  reflections  which  could  be  obtained  and  reliably  identi¬ 
fied  sr«d  counted.  Sound  velocity  was  calculated  from  the  following 
relationship: 


Vie*. 

V  »  —  where, 

V  is  the  longitudinal  (compressional)  wave  velocity  of  the 
material  under  test, 

v  is  the  sound  velocity  of  the  comparison  medium, 

t  is  the  thickness  of  the  specimen  being  tested, 

d  is  distance  between  the  transducer  face  and  the  front  surface 
of  the  specimen  being  tested,  and 

n  is  the  number  of  back  reflections. 

The  test  procedure  included  positioning  the  transducer  over  the  specimen  and 
adjusting  the  Reflectoscope  for  an  A- scan  presentation  wherein  the  maximum 
nunber  of  first  order,  back  reflections  were  clearly  distinguishable  on  the 
CRT  trace.  The  search  tube  containing  the  transducer  was  then  positioned  to 
set  the  last  first  order  back  reflection  over  the  second  front,  reflection 
trace.  The  distance  "d"  was  measured  for  the  sound  velocity  measurement  com¬ 
putation  using  &  combination  of  gage  blocks  placed  between  the  transducer  and 
test  specimen  and  compared  with  a  dial  indicator  mounted  on  the  starch  tube. 

The  sample  thickness  was  measured  for  the  actual  test  region  using  a  standard 
vernier  micrometer. 

A  longitudinal  wave,  sound  velocity  test  was  performed  with  an  aluminun 
alloy  standard  reference  block  to  establish  the  validity  of  the  test  method. 
Duplicate  test  runs  were  made  using  an  Automation  Industries  707S-T6  No.  5-0025 
Standard  Reference  Block.  Test  results  performed  in  distilled  water  at  2C*C 
were  as  follows: 
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Test 

No: 


2 


Water  Distance 


IVltt  fl - L.,V 


1.176 

1.136 


No.  of  Back 
Reflections 

5 

5 


Average 


Calculated  Sound 
Velocity  (in/sac) 

2.494  x  1C5 

2.474  x  iOS 

2.49  y.  105 


The  sound  velocity  used  for  water  in  these  amputations  was  0.S87  x  10^ 
in/sec,  and  was  converted  frees  the  cgs  value  given  in  the  1963  edition  of  the 
Non-destructive  Testing  Handbook.  The  2.49  x  10$  in/sec  value  obtained  experi¬ 
mentally  compares  well  with  the  2.48  x  1-j  in/sec  value  in  the  same  reference 
source  for  2017-T4  alloy.  A  brief  literature  search  and  contact  with  Alcoa 
Research  Laboratories  in  New  Kensington,  Pennsylvania  failed  to  disclose  an 
established  velocity  figure  in  7075  altsninuB  alloy.  However,  based  on  a  com¬ 
parison  of  elastic  constants  and  density  values,  it  appears  that  longitudinal 
wave  velocity  for  both  alloys  rre  the  same  to  three  significant  figures.  The 
results  of  this  verification  provide  support  for  the  accuracy  of  the  results 
on  t\i  composite  specimens. 


VELOCITY  MEASUREMENT  FOR  TUNGSTEN- COPPER  COMPOSITES 

Initial  ultrasonic  velocity  measurements  were  made  on  specimens  W-Cu  15W 
(0.135  inch  thick)  and  W-Cu  15A  (0.26S  inch  thick).  The  front  end  the  first 
back  reflection  could  not  be  resolved  for  spec:  o  W-Gi  15R4  (0.0S5  inch  thick) 
at  10  MHz  which  was  the  highest  test  frequency  available  on  the  UM-721 
Reflectoscope.  Three  defect-free  areas  of  the  tisigsten-copper  composites  were 
tested  *br  sound  velocity,  and  the  arithmetic  average  of  these  taken  as  the 
plate  characteristic.  At  each  location  tested,  the  specimen  thickness  (t)  and 
water  distance  (d)  were  determined  in  triplicate.  The  test  results  are  si»- 
marized  in  Table  VII. 


VELOCITY  MEASUREMENT  R3R  BORON-TITANIUM  COMPOSITES 

Longitudinal  wave  ultrasonic  velocity  measurements  were  made  on  boron- 
titanium  composites  by  the  "multiple  beck  reflection  comparison”  method  and  a 
constant  water  path,  "through  transmission  time"  method.  The  latter  method 
was  considered  to  determine  sound  velocities  in  material  too  thin  to  employ  the 
multiple  back  reflection  method.  However,  the  through  transmission  method  was 
found  highly  inaccurate  for  thin  specimens  because  of  the  difficulty  in  measur¬ 
ing  pulse  shifts  on  an  oscilloscope  screen.  With  the  short  time  involved  (less 
than  one  microsecond) ,  the  pulses  were  several  centimeters  wide  on  the  screen, 
and  the  measuring  error  of  the  oscilloscope  was  approximately  pita  end  minus 
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£4fT‘ 


SUGARY  OF 


iauie  vijt. 

ULTRASONIC  VELOCITY-  lEtt. 


TS  AND  DATA. 


Specimen 

Method 

Longitudinal  Wave 
Sound  Velocity 

^•Tungsten 

! 

Pulse-Echo  Multiple  Bade 
Reflection 

2.08  x  105/  In./Sec. 

**  Copper 

Pulse-Echo  Multiple  Back 
Reflection 

1.84  x  105  In./Sec. 

*tf-Cu  1 S* 

Pulse-Echo  Multiple  Back 
Reflection 

1.73  x  10s  In./Sec. 

•W-Cu  ISA 

! 

1 

Pulse-EcJ>o  Multiple  Back 
Reflection 

1.78  x  105  In./Sec. 

•Elemental  Boron 

Continuous  Through  Transmissioa 

1.95  x  105  In./Sec. 

•Elemental  Boron 

(A.P.)  Pulse  Echo  Multiple 

Back  Reflection 

4.80  x  10s  In./Sec. 

*Ti-6Al-4Y  Alloy 

Continuous  Through  Transmission 

2.41  x  105  In./Sec. 

*Ti-Ml-4V  Alloy 

Pulse -Echo  Multiple  Back 
Reflection 

2.53  x  10s  la./ Sec. 

ftB-Ti  13! 

Continuous  Through  Transmission 

2.39  x  10s  In./Sec. 

*B-Ti  ISM 

Pulse-Echo  Multiple  Back 
Reflection 

2.36  x  10s  In./Sec. 

•Aluainua  7075-T6 

Pulse -Echo  Multiple  Back 
Reflection 

2.49  x  10s  In./Sec. 

•Alisdau*  2Q17-T4 

Pulse  Echo  Multiple  Beck 
Reflection 

2.48  x  105  In./Sec. 

f 

•B-Al  ISM 

Pulse-Echo  Multiple  Back 
Reflection 

2. SO  x  105  In./Ssc. 

•Experimentally  Determined 
••Nondestructive  Testing  Hsiidbook-  1D63. 
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one  centimeter  at  the  0,2-1. 0  sec/cm  sweep  speed.  At  metal  thickness  approach¬ 
ing  one  inch,  the  through  transmission  method  gave  comparable  accuracy  to  the 
back  reflection  method.  Inserting  a  thick  metal  block  in  the  sound  path  with 
the  thin  specimen  did  not  improve  the  test  sensitivity,  because  the  thin 
material  badly  distorted  the  pulse  waveform. 


The  through  transmission  test  method  used  the  output  of  the  Model  424A 
Immerscope  fed  into  an  oscilloscope  capable  of  time  measurements  down  tc  0.01 

microsecond.  The  instrument  was  operated  in  the  continuous  transmit -receive 
mode  at  10  Miz.  A  3/8  inch  diameter  flat  lithium  sulphate  transmit  transducer 
and  a  3/4  'inch  diameter  flat  receiving  transducer  were  used.  Testing  was  per¬ 
formed  in  water  with  the  test  object  positioned  between  the  two  transducers 
(Figure  29).  When  the  specimen  was  in  position,  the  transmit  search  tube  was 
repositioned  to  maintain  a  constant  water  path.  Thus,  the  time  shift  of  the 
receive  pulse  on  the  oscilloscope  screen  represented  the  transmission  time 
of  sound  in  the  specimen.  This  approach  was  used  to  simplify  calculation  and 
eliminate  the  need  for  distilled  water.  Tap  water  of  unknown  sound  transmission 
characteristics  was  used,  and  since  the  water  distance  was  maintained  constant 
(within  *0. 001  inch  as  measured  with  a  dial  indicator  on  the  search  tube) ,  the 
velocity  of  sound  in  water  did  not  enter  the  final  computations. 

Sound  velocity  measurements  were  made  on  the  B-Ti  ISM  specimen  (0.130  inch) 
thick)  and  a  0.161  inch  thick  sanmle.  of  titanium  -6A1-4V  alloy  using  both 
velocity  methods  (Table  VII) .  The  following  pertinent  test  conditions  were 
employed  in  obtaining  the  sound  velocity  data: 


Test  Frequency 
Transmit  Transducer 
Receive  Transducer 
Coupiant 

Test  Temperature 
Instrument 


10  MH z 

3/8  inch  Dia.,  Titanium  Sulphate,  Flat 
3/4  inch  Dia. ,  Titanium  Sulphate,  Flat 
Tap  Water 
20°C 

Model  424A  Inmerscope 


Because  of  the  complete  lack  of  data  on  boron,  attempts  were  made  to  deter¬ 
mine  velocity  measurements  on  two  available  crystalline  boron  specimens.  These 
specimens  had  a  density  of  2.00  gm/cu  cm  and  2.34  gm/cu  cm.  The  density  given 
in  the  literature  fox  both  amorphous  and  crystalline  boron  is  2.30  (Reference 
6).  The  first  specimen  was  ground  to  a  slab  0,1865- inch  thick,  the  second  was 
ground  to  about  1/4- inch  thickness.  The  sound  velocity  value  for  the  first  was 
found  to  be  195, COO  ips,  for  the  second  specimen  480,000  ips.  The  second  value 
is  probably  the  more  accurate,  because  of  the  more  representative  specimen 
density.  Furthermore,  it  compares  well  to  that  of  beryllium,  which  has  approxi¬ 
mately  similar  modulus  and  density  and  a  sound  velocity  of  510,000  ips.  The 
data  found  are  applicable  to  crystalline  boron  and  may  or  may  not  apply  to  the 
amorphous  boron  existing  in  the  fibers.  Furthermore,  no  consideration  has  been 
taken  of  the  tungsten-boride  core  of  the  fibers  or  of  any  diffusion  layers. 
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Ths  hi  oh  sound  velocity  in  boron  cxolnins  why  the  multiple  back  reflection 
uethod  could  not  be  used  for  determining'  this  characteristic  in  the  O-lSftS  inch 
thick  first  specimen.  The  transmission  time  of  sound  through  thxs 
is  roughly  the  same  as  that  for  metals  one  half  the  boron  sample  thickness 
0.090  inch.  This  is  below  the  resolving  power  of  the  instrument  system  for  the 
Sperry  Rsflectoscope  10  KHz  frequency. 


VELOCITY  MEASUREMENT  FOR  BORCN-ALIMNUM  COMPOSITES 

Longitudinal  sound  velocity  measurements  were  conducted  on  the  B-Al  15M 
specimen  (0.125  ind.  thick)  using  the  multiple  back  reflection  scnparison 
method.  The  2.50  x  10s  in/sec  average  velocity  value  obtained  experimentally 
for  this  composite  is  in  exact  agreement  with  the  2,50  x  10  ii./aec  value  given 
in  the  Nondestructive  Testing  Handbook  for  1100-0  alloy  alisniram. 


ULTRASONIC  ATTENUATION  TEST" 

The  pulse  echo  through- transmission  technique  was  used  to  measure  attenua¬ 
tion  in  the  composite  specimens. 

Ths  breadboard  through-transmission  system  uses  a  Shockley  four-layer 
diode  used  as  a  free  running  pulser,  driving  tuning  networks  to  peak  the  trans¬ 
mitting  transducer  at  either  1  to  4  f-Hz.  The  echo  is  detected  by  a  receiving 
transducer  tuned  to  the  appropriate  frequency.  An  emitter-follower  is  used  for 
high  impedance  input  to  prevent  loading  the  tuning  coils.  One  stage  of  ampli¬ 
fication  follows,  feeding  *  lew  output  impedance  •-  emitter-  follower  ,  and  the 
50  oha  attenuator.  The  output  of  the  attenuator  is  further  amplified  and  dis¬ 
played  on  a  graduated  oscilloscope  screen.  The  transducers  used  well  draped  15 
KHz  lithivsn  sulfatr  crystals.  A  pulse  mode  was  used  to  reduce  the  interference 
effects  of  standing  waves.  Attenuation  measurements  were  conducted  as  described 
in  the  folic;. tag  paragraphs. 

The  transmitting  end  receiving  transducers  were  immersed,  aligned,  ana 
fixed  within  a  small  tank.  The  transducers  have  a  1.7-inch  focal  length  and 
were  spaced  approximately  2.5  inches  apart,  short  of  the  optimum  focus  position 
so  that  the  broadened  beam  would  reduce  the  effect  of  miner  attenuation  varia¬ 
tions  within  the  composites.  The'  specimens  were  wiped  with  a  vetting  agent  to 
ensure  good  acoustical  contact,  and  positioned  between  the  transducers. 

The  pulse  echo  decay  pattern  was  monitored  on  a  high  speed  oscilloscope. 
The  third  echo  vae  adjusted  to  a  reference  signal  height  of  four  centimeters 
with  a  precision  attenuator.  The  specimen  was  replaced  with  a  sheet  of  the 
same  matrix  material  of  identical  thickness.  The  third  echo  amplitude  of  the 


nattix  sheet  ms  csassred  with  specimen  reference.  At  aw  and  four  Mrfc,  dll 
three  types  of  ccssposite  specimens  indicated  the  sax  amplitude  as*  the  respec¬ 
tive  matrix  asaterial  within  tl  dh,  or  the  usasuring  accuracy  of  the  system. 
Similar  tests  at  22  Mir  gave  the  same  results. 

Attfehtation  measurements  were  considered  using  the  comparison  of  the  ex¬ 
ponential  of  pulse  echo  train  decay  within  the  specimen  and  an  adjustable,  cali¬ 
brated  exponential  generator.  The  25  BF  series  of  composites  were  tested  to 
determine  their  decay  patterns.  In  each  case  the  echo  pattern  was  too  short 
(throw  or  four  echoes)  as  the  echoes  were  grossly  distorted.  Several  factors 
affect  the  successful  use  of  this  technique,  i.e. ,  the  waveform  of  the  pulse, 
the  transducer  characteristics,  parallelism  of  specimen  surfaces,  etc.  The 
composite  specimen  surfaces  were  somewhat  rougher  than  the  original  cold  rolled 
matrix  material,  and  the  parallelism  of  the  surfaces  at  any  one  area  was 
questionable. 


ULTRASONIC  C-SCAN  INSPECTION 
TECHNICAL  APPROACH 

Preliminary  ultrasonic  inspection  was  performed  on  the  defect  evaluation 
specimen.  Based  on  these  tests  and  studies,  an  ultrasonic  flaw  or  defect  in¬ 
spection  plan  was  developed.  The  test  equipment,  calibration,  and  test  pro¬ 
cedures  are  described  in  the  following  paragraphs . 

The  ultrasonic  inspection  system  included  a  Sperry  UM721  Reflectoscope 
and  an  immersion  tank  with  appropriate  scanning  and  recording  equipment  (Fig¬ 
ure  30).  Conventional  pulse-echo  methods  could  not  adequately  determine  the 
echoes  in  the  relatively  thin  specimens.  Therefore,  the  pulse-echo  imersion 
method  was  employed  using  the  reflector  plate  technique. 

The  general  test  conditions  included  using  both  10  )-fiz  and  S  bHz  focucod 
lithium-sulphate  transducers.  The  transducers  were  focused  on  the  top  surface 
of  the  part,  and  the  echo  from  the  reflector  piste  (located  1/4  inch  below  the 
test  specimen)  was  gated  for  1.1  C-scan  recording .  The  type  of  recorder  used 
provided  a  visible  trace  when  the  reflector  plate  echo  was  being  received,  and 
discontinued  recording  when  the  signal  was  lost.  For  testing,  an  arbitrary 
Reflectoscope  gain  setting  was  employed  to  just  detect  the  reflector  plate,  and 
a  C-scan  recording  was  made  at  this  gain.  The  gain  was  then  increased  a  small 
amount  and  a  recording  made  at  this  new  level.  This  procedure  was  repeated 
until  very  little  difference  was  obtained  between  succeeding  runs. 

The  record  test  sensitivities  were  established  by  (1)  performing  partial 
specimen  coverage  scans  at  arbitrarily  increased  instrument  gain  values,  (2) 
selecting  three  that  provided  increasingly  meaningful  information,  and  (3)  re¬ 
lating  the  instilment  gain  values  to  return  signals  from  convenient  standard 
reference  blocks.  Alcoa  Series  "D"  Reference  Standards  were  used  for  the 
latter  purpose.  When  using  these  blocks,  a  few  instrument  gain  settings  were 
too  low  to  give  an  indication  from  the  largest  flat  bottom  hole  (8/64  inch 
diameter)  in  the  Alco  blocks.  In  these  instances,  the  height  of  the  first  back 
reflection  from  the  Nc,  8  block  was  used  as  a  sensitivity  measurement. 

Where  instrument  gain  setting  was  too  low  to  give  a  measurable  response 
from  the  flat  bottom  hole  in  the  largest  Alcoa  reference  block  (the  No.  8 
block) ,  the  sensitivity  was  expressed  in  terms  of  signal  height  from  the  back 
surface  of  the  reference  block.  In  this  case,  the  transducer  was  carefully 
centered  over  the  flat  bottom  hole  to  take  advantage  of  shadowing  of  the  sound 
returning  to  the  test  transducer  in  obtaining  a  usable  sensitivity  value. 

Certain  specimens  were  tested  from  both  the  front  and  back  surfaces.  In 
these  cases,  the  test  sensitivity  was  constant  for  the  front  sad  back  surface 
scans.  Actual  quantitative  sensitivity  values  k.v  given  on  the  C-scan  record. 
High  sensitivity  was  defined  as  the  lowest  Reflectoscope  sensitivity  control 
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Figure  30.  Ultrasonic  Inspection  System  for  Composite  Inspection  by 

the  Immersion  Method 
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setting,  at  low  gain  settings,  whsre  the  test  was  most  sensitive  to  factors 
affecting  variations  in  sound  transmission.  Conversely,  low  sensitivity  mss 
defined  as  the  higher  Reflectoscope  sensitivity  control  setting  at  which  point 
the  test  is  no  longer  sensitive  to  the. more  subtle  causes  of  changes  in  sound 
transmission.  Increasing  the  gain  beyond  this  sensitivity  value  no  longer 
appreciably  changed  the  visual  display  of  information  oh  the  C-scan  recording, 
and  any  nrotransmission  sound  is  assumed  to  result  from  nonbonds  in  the  ma¬ 
terial  or  adverse  surface  and  geometry  conditions,  e.g.,  dents,  curvature,  or 
excess  surface  roughness. 

The  following  considerations  are  to  be  kept  in  mind  when  interpreting  the 
C-scan  recordings: 

1.  The  recorder  was  set  to  write  on  the  first  return  signal  from  the 
reflector  plate.  Therefore,  a  loss  of  signal  appears  as  a  white  area 
on  the  recordings. 

2.  The  annular  loss  of  a  signal  at  the  corners  of  the  plate  images  were 
caused  by  the  rubber  greenaets  used  to  space  the  specimens  over  the 
reflector  plate. 

3.  The  record  area  is  slightly  larger  than  the  specimens.  This  was  done 
to  prevent  loss  of  information  during  testing.  However,  this  tech¬ 
nique  mikes  exact  location  of  specimen  edges  on  the  record! <gs  some¬ 
what  difficult  to  determine. 


PRELIMINARY  ULTRASONIC  INSPECTION 

The  tungsten- copper  1Q-25BF  evaluation  specimens  fabricated  to  determine 
the  effectiveness  of  the  defect  mechanisms  was  tested  ultrasonically.  In¬ 
spection  was  conducted  on  the  first  specimen  containing  deliberate  fiber 
breaks,  and  the  second  specimen  containing  disbonds.  The  broken  and  misaligned 
fibers  were  not  detected. 

Five  C-scan  recordings  were  made  of  the  tungsten-copper  10-25  evaluation 
specimen  containing  the  disbonds.  A  photographic  copy  of  a  typical  C-scan 
recording  is  shewn  in  Figure  31.  The  following  conclusions  were  made: 

At  the  lower  gain  settings  (0.6  and  0.7),  the  regions  containing  the 
10  and  25  percent  tungsten  wire  are  clearly  evident.  This  differ¬ 
entiation  is  much  less  evident  at  the  higher  sensitivity  sittings  of 
C.8  end  0,5,  and  has  virtually  disappeared  at  a  gain  setting  of  1.0. 

At  a  given  gain,  the  region  of  high  fiber  content  produces  more  sound 
scatter,  and,  therefore,  more  instances  of  signal  loss. 
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Figure  51.  Ultrasonic  C-scan  Record  of  Tungsten  -  Copper  Evaluation 
Specimen;  Test  Sensitivity  1.0 
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2.  Disbond  areas  are  visible  at  all  gain  settings,  with  the  optiimtn 
resolution  at  1.0,  “hen  the  interference  frss  scatter  hsd  been  mini¬ 
mised  by  virtue  of  the  higher  sound  intsnsi  ties  at  the  high  gain. 

The  following  types  of  disbond  indications  were  detected: 

a.  Disbonds  deliberately  introduced  into  the  specimen 

b.  Inadvertent  or  natural  disbonds  resulting  from  some  improper 

1  fabrication  condition  (A  large  disbond  of  this  type  was  found 
along  one  edge  of  the  sample.) 

Inspection  was  attempted  on  the  evaluation  specimen  containing  broken 
fiber  defects;  however,  recordings  were  not  made  due  to  the  lack  of  significant 
detection  signal  response. 


ULTRASONIC  INSPECTION  OF  ITNGSrEN-COPPER  OCMFOSITES 

Detection  tests  were  performed  on  the  seven  tungsten-copper  composite 
specimens  using  the  water  iirmersion,  pulse-echo  ultrasonic  method.  All  testing 
was  performed  at  5  httz,  using  a  3/4- inch  diameter  1  ithirn- sulphate  transducer. 
Each  specimen  was  evaluated  at  three  instrument  gain  or  sensitivity  values. 
Records  of  the  C-sc&n  inspection  at  a  1:1  scan-to-record  ratio  are  shown  in 
Appendix  III,  Figures  104  to  110.  An  analysis  of  the  C-scan  recordings  for  each 
specimen  is  described  in  the  following: 


Broken  Fiber  Defect  Detection 
W-Cu  Specimen  10  BF 

This  specimen  shows  large  unintentional  or  natural  disbonds  in  the  center 
and  along  the  right  edge.  The  intentionally  introduced  fiber  defects  were  not 
detected. 

W-Cu  Specimen  15  BF 

A  Urge  disbond  was  found  in  top  center  am  of  the  specimen.  The  delib¬ 
erately  introduced  broken  fiber  defects  were  not  detected. 

W-Cu  Specimen  20  BF 

The  three  largest  deliberately  introduced  broken  fiber  defects  were  de¬ 
tected.  The  defects  were  most  clearly  resolved  by  the  lower  sensitivity  scans. 
This  fact  indicates  that  detection  apparently  occurred  because  of  the  scatter¬ 
ing  affects  of  a  poor  filcaent-to-matrix  bond  rather  thin  because  of  a  matrix 
nonbond  condition.  A  natural  disbond  condition,  also,  was  indicated  in  the 
center  of  the  ssnple. 
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W-Cu  Specimen  25  BF 


The  two  largest  deliberately  introduced  broken  fiber  defects  were  de¬ 
tected.  The  defect  condition  was  most  pronounced  at  the  edges  of  the  defect 
zones,  and  it  is  believed  that  sound  scatter  from  the  edges  of  the  broken 
fibers  was  primarily  responsible  for  the  detection  of  the  defect  condition. 


Fiber  Misalignment  Detection 
W-Cu  Specimen  15  A 

Loss  of  signal  was  detected  from  both  ends  of  the  specimen.  This  could 
have  resulted  from  either  disbonds  or  the  refraction  of  the  signal  away  f^b 
the  transudeer  by  the  nonparallel  sample  ends.  Also,  there  appears  to  be  a 
disbond  condition  in  the  center  cf  the  specimen.  No  evidence  was  found  of  the 
deliberately  introduced  fiber  misalignment. 


Disbond  Defect  Detection 
W-CU  Specimen  15  FM 

The  four  deliberately  introduced  matrix  disbonds  were  detected.  In 
addition,  disbonds  were  located  along  the  right  and  left  edges  of  the  plate. 

W-Cu  Specimen  15  M 

The  four  deliberately  introduced  matrix  disbonds  were  detected.  In 
addition,  disbonds  were  located  along  the  right  and  left  edges  of  the  plate. 

In  the  preceding  discussion,  loss  of  signal  was  assumed  to  have  resulted 
from  nonbonds  when  no  obvious  surface  condition  or  fiber  geometry  effects 
could  explain  the  signal  loss.  The  loss  of  signal  at  the  specimen  edges  could 
be  accounted  for  by  the  partial  absences  of  fibers  and  the  incomplete  bonding 
in  this  area. 


ULTRASONIC  INSPECTION  OF  BORCN-TITANIUM  COMPOSITES 

*> 

Defect  detection  tests  were  conducted  on  the  six  boron-titanium  composite 
specimens  using  water  immersion,  reflector  plate  pulse-echo  technique.  Re¬ 
cords  of  the  C-scan  recordings  are  presented  in  Appendix  III,  Figures  ill 
through  116.  An  analysis  of  the  C-scan  recordings  for  each  of  the  six 
titanium  matrix-boron  filament  composites  is  described  in  the  following: 
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Broken  Fiber  Defect  Detection 


3-Ti  Specimen  1C  BF 

A  minor  disbond  region  was  indicated  in  the  center  of  the  specimen.  At 
one  end  of  the  specimen  is  the  image  of  en  approximately  one -inch  square  dis¬ 
bond  defect  which  appears  related  to  the  deliberately  introduced  broken  fiber 
defect.  Increasing  the  instrument  sensitivity  demonstrated  poorer  sound  trans¬ 
mission  in  the  center  of  the  specimen  as  compared  to  the  edges.  This  may  have 
resulted  from  any  of  the  following  conditions  or  a  combination  thereof:  (1) 
poor  titanium  alloy  matrix  bonds,  (2)  poor  bond  of  the  titaniua  matrix  to  the 
boron  filaments,  and  (3)  sound  scatter  from  raptured  filaments. 

B-Ti  Specimen  IS  BF 

The  same  observations  apply  to  this  specimen  as  for  specimen  B-Ti  10  BF. 
The  outline  of  the  large  square  broken  filament  region  was  detected,  and  an 
inferior  sound  transmission  region  was  detected  in  the  center  area  of  the 
specimen. 

B-Ti  Specimen  20  BF 

The  deliberately  introduced  fiber  defects  in  this  specimen  were  not  de- 
t  ^eted  ultrasanically.  An  unintentional  centerline  disbond  was  evident. 

B-Ti  Spoci-ien  25  BF 

The  deliberately  introduced  one-inch  square  broken  fiber  defect  in  this 
specimen  appears  as  a  region  of  superior  sound  transmission  as  shown  by  the 
low  sensitivity  recording.  This  observation  is  the  opposite  of  previous  ob¬ 
servations  where  the  effect  shewed  poor  sound  transmission  in  this  type  of 
defect  area.  This  specimen  contained  an  area  near  one  surface  that  had  a  small 
segment  of  the  titanita  alloy  fractured  away.  The  faactured  area  was  sealed 
with  epoxy  resin,  but  the  sealed  area  did  not  exhibit  superior  sound  trans¬ 
mission  characteristics  as  was  the  case  in  specimen  B-Ti  IS  F  where  a  similar 
frSCtUTw  CuTsiltiw  occurred.  Evidently,  the  poor  sound  transmission  was  not 
associated  with  the  layer  on  the  broken  surface. 


Disbond  Defect  Detection 
B-Ti  Specimen  IS  F 

Large  deliberate  disbond  areas  ware  detected  in  this  specimen.  A  small 
piece  of  titanium  alloy  was  broken  from  one  aide  of  the  specimen.  The  damaged 
area  was  filled  with  epoxy  min  to  promt  any  possible  water  damage  to  the 
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filament  interface.  This  area  shows  on  low- sensitivity  ccsn  as  a  dark  spot  of 
excellent  sound  transmission  characteristics.  This  observation  suggests  that 
perhaps  a  low  sound  transmission  condition  exists  with  this  particular  layer  of 
the  composite.  Fiber- to -matrix  disbonds  were  intended;  however,  matrix- to- 
matrix  disbonds  are  evident.  The  aluninum  oxide  painted  on  the  fibers  was 
evidently  too  thick  and  did  not  permit  bonding  of  the  sa trices. 

B-Ti  Specimen  IS  M 

The  deliberate  matrix  disbonds  in  this  specimen  were  detected  without 
difficulty.  The  specimen  appears  unique  in  one  respect.  This  composite  exhib¬ 
ited  superior  sound  transmission  characteristics,  as  compared  with  the  above 
specimens. 

An  unsuccessful  attempt  was  made  to  obtain  C-scan  recordings  of  these 
specimens,  using  a  Sperry  Wideband  Falser  Receiver,  Sperry  UM721  Reflects  scope, 
and  a  22  NWz  focused  transducer.  However,  poor  sound  transmission  at  this  fre¬ 
quency  appeared  to  be  the  cause  of  the  negative  results. 


ULTRASONIC  INSPECTION  OF  BORON-ALUMINUM  COMPOSITES 

Ultrasonic  inspection  was  performed  on  eight  borcai-aluminum  composites 
specimens  using  the  immersion,  reflector  plate  pulse  echo  method.  Photographic 
copies  of  the  C-scan  records  are  presented  in  Appendix  III,  Figures  117  through 
127.  An  analysis  of  the  C-scan  recordings  for  each  of  the  boron-aliaimca 
ccnposites  is  described  in  the  following: 


Broken  Fiber  Defect  Detection 


B-Al  Specimen  10  BF 

This  specimen  exhibited  an  inadvertent  lack  of  bond  ever  the  silver  foil, 
predominantly  at  one  side.  The  higher  sensitivity  scans  show  a  strong  tendency 
for  signal  loss  over  the  silver  foil.  One  striking  exception  to  this  obser¬ 
vation  was  the  uncracked  portion  of  the  foil  immediately  beloaf  the  cnc-inch 
square  artificial  flaws.  The  artificial  flare*  were  detected  by  virtue  of  their 
superior  sound  transmission  character  is  tics  at  the  higher  test  sensitivities. 

B-Al  Specimen  15  BF 

The  ultrasonic  results  for  this  specimen  were  virtually  identical  to  those 
for  specimen  B-Al  20  BF.  The  ssae  large  center  section  disbond  was  again 
apparent,  which  correlated  with  a  characteristic  radiographic  pattern  and 
specimen  surface  texture.  At  the  higher  sensitivities,  the  ssms  signal  loss 
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was  noted  from  regions  containing  the  silver  foil*  Saw«  evidence  cf  the  ons- 
iach  square  broken  fiber  defect  was  visible  on  the  hignest  sensitivity  C-scwi 
record. 

B-Al  Specimen  20  BF 

The  overall  bond  integrity  of  this  specimen  was  quite  good  as  shown  by 
the  low  sensitivity  scan.  Some  minor  disbonds  were  evident  near  the  center- 
line  and  these  correlate!  with  a  radiographic  pattern  and  a  rough  surface  tex¬ 
ture  on  the  reverse  side  of  the  plate.  Visible  cracking  of  the  aluminum  facing 
sheets  was  not  detected.  The  one- inch  square  broken  fiber  defect  was  detected 
on  the  two  higher  sensitivity  scans  because  improved  signal  transmission  was 
obtained,  due  *o  the  missing  silver  foil.  The  reverse  side  surface  scans  were 
not  significintly  different  fresa  the  front  surface  scans. 

B-Al  Specimen  2S  BF 

The  bond  integrity  of  this  specimen  was  generally  good  with  seme  unin¬ 
tentional  disbond  conditions  located  in  the  center  of  the  specimen  as  shewn 
on  the  low  sensitivity  record.  The  edge  of  the  surface  depression  created  by 
the  largest  deliberate  defect  was  apparent  in  the  low  sensitivity  scan.  Per¬ 
haps  the  most  striking  feature  of  the  higher  sensitivity  scans  was  the  large 
"X"  pattern  on  the  C-scan  traces.  This  originated  free  a  varied  surface 
pattern  an  the  reverse  side  of  the  specimen  and  was  traced  to  markings  on  a 
copper  shim  used  in  fabrication.  Again,  the  reverse  side  scans  were  not  sig¬ 
nificantly  different  than  the  front  surface  scans.  In  the  high  sensitivity 
scans,  the  silver  foil  pattern  was  again  evident  due  to  differences  in  signal 
loss  Cfused  by  the  foil  strips. 


Disbcnd  Defect  Detection 
B-Al  Specimen  IS  F 

The  bond  integrity  of  this  specimen  appeared  SKewllent.  No  evidence  of 
the  fiber  disbond  defects  were  found  ultrasonically.  Surface  irregularities 
on  the  part  were  more  clearly  detected  giving  a  good  indication  of  the  resolv¬ 
ing  power  of  *he  technique.  The  reverse  side  scans  wev?  not  significantly  -.^ 
different  tho  the  front  surface  scans  except  that  the  suii-ce  ^regularities 
were  more  clearly  visible  with  the  side  having  the  irregular*  lea  facing  the 
transducer.  Some  minor  unintentional  disbonds  were  indicated  t&ng  the  edges 
cf  tire  specimen. 


Section  VII 


E£cvmm&iic  inspection 


A  series  of  magnetic  inspection  tests  were  conducted  on  the  contract 
specimens.  These  tests  were  intended  to  establish  the  feasibility  of  detecting 
gross  magnetic  effects  in  the  composite  specimens.  As  the  specimens  contained 
ik)  ferromagnetic  materials,  the  inspection  efforts  were  directed  toward  the 
effects  of  eddy  currents,  paramagnetism,  and  diamagnetism.  Diamagnetic  ma¬ 
terial  weakens  the  field;  paramagnetic  material  strengthens  the  field.  These 
effects,  however,  are  also  quite  small  as  seen  from  the  following  listing  of 
the  elemental  magnetic  susceptibilities  for  the  composite  materials: 

Boron  -  6.7  x  10' 6 

Copper  -  5.5  x  10"6 

Tlingsten  +  59  x  10"6 

Titanium  ♦  153  x  10" 6 

The  inspection  system  (Figure  32)  used  a  stationary,  permanent  magnetic 
field  with  a  fixed  Hall  Effect  probe  for  detection.  The  lower  magnet,  a^roxi- 
mately  200  gauss,  was  opposed  by  small  magnets  mounted  circunferentially  around 
the  Hall  probe.  The  Hall  probe  was  used  with  a  Dyna  Empire  Model  900  Gauss 
meter.  The  operating  principle  of  this  instrument  is  based  cm  the  Hall  Effect 
wherein  an  alternating  current  generated  by  a  2  KHz  oscillator  is  applied 
across  the  probe  element.  When  this  element  is  exposed  to  a  magnetic  field 
whose  lines  of  force  a i©  perpendicular  to  the  plane  of  the  element,  a  voltage 
is  develope.  across  the  element  at  right  angles  to  the  flaw  direction  of  the 
excitation  current .  The  developed  voltage  is  proportional  to  the  flux  density 
of  the  magnetic  field.  The  magnetic  field  and/or  eddy  current  data  was  indi¬ 
cated  on  the  gaussraeter.  During  automatic  scanning  inspection,  the  signal  was 
fed  to  an  x-y  recorder.  Signal  amplitude  was  plotted  on  the  y-axis,  scan 
position  on  the  x-axis. 

When  a  specimen  was  positioned  within  the  field,  a  slight  change  was  ob¬ 
served  in  the  magnetic  field.  When  the  specimen  was  scanned  between  the  magnets, 
additional  magnetic  field  changes  were  observed  which  could  partially  be  attri¬ 
buted  to  irregularities  in  the  spacing  due  to  specimen  dimension  variations, 
but  •r«ay  also  be  due  to  other  effects.  A  check  was  made  to  determine  the  sensi¬ 
tivity  to  a  0.001-inch  diameter  nickel  fiber  attached  to  the  specimen  surface. 
The  fiber  was  readily  detected  at  signal  levels  up  to  50  to  100  times  the 
background  level. 

The  bcrcn-titaniun  25  BF  specimen  was  evaluated  first  because  titaniwn 
had  an  &bcnre- average  comparative  magnetic  susceptibility.  Scans  w$re  made 
over  the  on- inch  square  missing  fiber  area  and  apparent  differences  were  acted; 
however,  when  the  entire  specimen  area  was  inspected,  the  differences  were  not 
identifiable  (Figures  33,  34,  and  35). 
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Section  VIII 

FIBER  OPTICAL  INSPECTION 


The  use  of  very  ssall  diameter  fibers  in  diffusion-bonded  composites  re¬ 
quires  proof  of  the  fiber  cleanness  and  integrity.  Rather,  inspection  should 
be  adaptable  to  continuous,  in-line  processing  to  ensure  high  quality  fiber  in 
tlie  final  specimen.  A  number  of  optical  inspection  systems  were  developed 
using  a  microscope  and  various  imaging  systems.  It  was  desired  that  the  com¬ 
plete  circmtfercntial  area  of  the  fiber  be  viewed  at  one  time.  Optical  im¬ 
aging  systems  were  evaluated,  using  front  surface  mirrors  singly  and  in  com¬ 
binations. 

Hie  single  mirror  system  rvovided  two  views  of  the  fiber,  cowring  ap¬ 
proximately  225  degrees  of  surface  area.  The  double  mirrors  providing  three 
views.  While  photos  obtained  from  the  double-mirror  arrangement  were  clear, 
the  method  necessitated  accurate  positioning  of  the  wire  in  the  mirror  "V.” 

Some  distortion  was  evident  in  the  image  projected  from  the  mirror  juncture. 

The  use  of  a  single  mirror  to  achieve  two  views  is  preferable  because  it  re¬ 
quires  only  that  the  wire  pass  close  to  the  mirror.  60X  magnification  proved 
adequate  in  revealing  small  dirt  particles  and  erosion  pits  in  the  boron  fibers. 

The  single-mirror  imaging  system  was  adapted  to  a  fiber  spool  system,  to 
determine  the  feasibility  of  continuous  in-process  optical  inspection.  A 
pyrex  glass  guide  was  made  to  hold  the  fiber  in  focus  while  the  fiber  was 
pulled  past  the  microscope  stage.  Using  a  motion  picture  camera,  photographs 
were  taken  at  the  rate  of  24  frames  per  second  as  the  fiber  was  reeled  past 
the  viewing  field.  A  motion  picture  film  was  prepared,  demonstrating  success¬ 
ful  detection  cf  anomalies  on  the  wire  surface.  The  in -action  inspection  sys¬ 
tem,  and  excerpts  from  the  film,  are  shown  in  Figures  36  through  39. 

The  microscope  system  was  calibrated  by  using  a  200-mesh  electrolytically 
prepared  electron  microscope  grid.  The  grid  had  a  wire  diameter  of  40  microns 
and  hole  size  of  30  microns.  Discrepancies  in  the  40-micron  wire  were  notice¬ 
able  at  6QXL  magnification  with  the  grid  at  a  60 -degree  angle.  Mien  the  focus 
was  adjusted  to  bring  in  two  horizontal  wires,  wire  imperfections  less  than 
l/20th  the  hole  size  were  lest.  Usable  depth  of  field  for  this  system 
appeared  to  be  approximately  3.5  mils  with  a  resolution  of  0.2  mils. 

Attempts  to  introduce  cracks  in  the  boron  fiber  resulted  in  fracture. 
Photographs  of  a  broken  fiber  are  shown  in  Figure  40.  The  small  longitudinal 
crack,  which  was  apparent  at  50GX  magnification ,  could  not  be  discerned  at  6GX. 
Fluorescent  penetrant  was  applied  to  the  fiber  end,  but  could  not  be  detected 
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CAMERA 


Figure  37.  Continuous  Fiber  Inspection  System 
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Figure  38.  Inspection  System  Fiber- feed  Alignment  Fixture 
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at  up  to  10  OX.  However,  this  test  was  not  conclusive  since  application  of 
the  penetrant  to  the  fiber  requires  further  development  in  terms  of  solution 
concentration  and  the  black  light  intensity. 

An  optimized  fiber  inspection  system  would  include  both  the  cleaning  and 
inspection  operations  in  a  two-stage,  continuous  in-process  operation  directly 
prior  to  the  winding  and  di;fucion-bor iing  process.  The  cleaning  system,  de¬ 
picted  in  Figure  4,  and  optical  inspection  system,  shown  in  Figure  37,  provide 
the  basic  elements  for  such  an  optimized  system,  having  demonstrated  the 
feasibility  of  in-process  systems.  Further  development  of  an  optimized  sys¬ 
tem  involves  two  significant  problems:  (1)  the  present  absence  of,  and  need 
for,  definitive  fiber  inspection  criteria;  and  (2)  the  need  for  a  scanning 
and/cr  analyzing  capability  for  the  large  volute  of  data  involved  in  a  con¬ 
tinuous  fiber  inspection  system.  An  analysis  of  the  effectiveness  of  this  in¬ 
spection  system  must  necessarily  be  deferred  until  definitive  fiber  inspection 
criteria  is  established.  However,  certain  general  conclusions  are  evident. 

The  feasibility  of  continuous  fiber  inspection  has  been  demonstrated.  In¬ 
creasing  the  inspection  area  from  225-  to  360-degree  coverage  may  be  accom¬ 
plished  by  using  a  similar  mirror  system  on  the  opposite  side,  or  two  mirrors 
"Veed"  together,  or  two  microscopes  with  combined  images.  The  problem  of  data 
reduction  and  analysis  is  considerable.  Jf  each  optical  display  (film,  viewer 
CRT,  etc)  presents  two  or  four  fiber  images  approximately  0.020  inches  long, 
one  foot  of  fiber  will  require  600  displays  fbr  complete  inspection.  A  rela¬ 
tively  simple  composite  like  the  boron -titanium  specimen,  0.040  inch  thick 
with  a  10  percent  volume  ratio,  required  approximately  4030  feet  of  boron 
fiber  for  a  5  x  10  inch  specimen.  For  such  a  specimen,  data  redaction  must 
consider  a  minimum  of  2,400,000  displays ,  plus  the  several  isages  within  a 
display.  This  type  of  data  analysis  must  consider  incorporation  of  a  com¬ 
puter.  Problems  of  secondary  magnitude  involve  mechanical  considerations  in 
handling  and  splicing  the  filamentary  fibers,  especially  boron.  A  means  for 
splicing  the  fiber,  using  a  noncrganic  joint  fbr  diffusion  bonding,  must  be 
considered  in  the  development  of  an  optimized  cleaning- inspection  system. 


Section  IX 


CONCLUSIONS  AND  RECXMnENDATIGNS 


RADIOGRAPHIC  INSPECTION 

7hree  Tf?rsnt  combinations  of  composites  were  studied.  In  these  combi¬ 
nation’;  '  *tio  of  lij^sar  attenuation  coefficients  (for  150KV)  of  reinforce¬ 
ment  -  matrix  material  have  the  following  ratios: 

Tungsten-copper  *  16.5 

Boron- titanium  0.4 

Boron-  aluminum  0.81 

Table  VIII  summarizes  the  results  of  radiographic  detection  capability  of 
the  various  deliberate  defects  included  in  the  specimens.  As  the  table  indi¬ 
cates,  it  is  possible  to  detect  fiber  gaps  of  1/4  inch  and  1  inch  areas  in  all 
specimens  except  in  the  thinnest  boron- aluminum  specimen.  Fiber  breaks  of  even 
single  fibers  could  be  observed  in  all  radiographs  of  all  material  combinations 
except  that  of  boron- aluminum ,  where  the  attenuation  coefficient  ratio  approaches 
unity.  Even  here  the  detection  of  single  fiber  breaks  was  possible  in  some' 
cases.  It  should  be  noted  that  the  boron  fiber  used  is  not  actually  pure  boron. 

A  core  of  tungsten-boride  of  about  0.0005  inch  diameter  exists  in  these  fibers; 
it  is  likely  that  the  indications  found  on  the  radiographs  were  due,  at  least 
in  part,  to  the  higher  attenuation  of  x-rays  by  this  core  rather  than  from 
attenuation  by  the  boron.  Resolution,  therefore,  depends  in  some  measure  on 
the  recording  meditsn.  For  example,  in  the  dynamic  radiographic  tests,  where 
the  specimen  was  scanned  at  625  lines  per  inch  through  the  vidicon  tube  and 
TV  scanner,  resolution  of  these  thin  boron  fiber  cores  was  not  possible,  where¬ 
as,  the  0.005  inch  diameter  tungsten  fibers  were  clearly  resolved. 

Determination  of  disbonds  by  radiography  was  largely  unsuccessful.  Here 
again,  it  is  a  question  of  relative  absorption  coefficients  of  matrix  and 
fiber  material  and  of  the  alunina  used  to  produce  the  disbonds.  It  is  question¬ 
able  whether  a  disbond  without  any  intermediate  layer  could  be  detected  by 
radiography.  However,  no  attenuation  data  are  available  cm  alumina  and  the 
tungsten-boride;  an  accurate  assessment  of  the  relative  absorption  coefficients 
of  such  materials  in  the  composites  can  therefore  not  be  made  at  this  stage. 

Optimization  experiments  as  to  voltage  are  summarized  in  Figures  41  and  42. 

As  expected  for  a  given  composite  thickness  ami  combination,  the  voltages 
foun4,  empirically  give  the  best  resolution  increase.  Optlsszn  voltages  for  the 
aluminum  and  the  titanium  matrix  specimens  are  very  similar,  as  cculd  be  ex¬ 
pected.  For  these,  optimization  here  was  carried  out  for  overall  contrast 
rather  than  for  any  specific  type  of  detect.  The  relation  of  fiber  ratio  to 
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optiiasa  voltage  follows  a  similar  relationship.,'  at  least  as  far  as  the 
tungsten-copper  ccsposite  and  borcn-altasinum  caaposite  are  concerned.  However, 
opticus  voltages  appear  to  be  independent  of  fiber  ratio  in  the  boren- 
aluaita®  cosiposiie.  In  vies  of  the  almost  equal  absorption  coefficients  of 
boron  and  aluainua,  this  relationship  is  also  as  expected.  P?rt  of  the  scatter 
of  data  obtained  is  ckie  to  the  fact  that,  in  the  case  of  Figure  42,  a  imifora 
volume  ratio  was  assumed  and  in  Figure  41,  a  uniform  thickness  for  all  speci¬ 
mens  whose  data  points  are  plotted  was  assumed.  There  were  experimental  vari¬ 
ations  of  both  voiuae  ratio  and  thickness  from  the  nominal.  In  order  to  test 
the  data,  all  cptisua  voltages  for  the  three  composite  types  were  plotted  in 
Figure  43  on  an  attenuation  normalized  basis0  This  normalized  basis  was  cal¬ 
culated  by  means  of  the  relationship 


basis  =  +  KfVf 

where  X  and  V  are  the  linear  x-ray  absorption  coefficients  and  volt me  ratios, 
respectively;  the  suffixes  a  and  f  refer  to  matrix  and  fiber.  As  shewn  in 
Figure  43,  data  points  show  a  feirly  constant  cptissa  voltage.  By  means  of 
this  relationship,  it  is  thus  possible  to  estimate  cptiaus  voltages  for  any 
given  volurae  ratio  and  thickness.  As  to  the  cptiaoa  x-ray  film  to  be  used,  the 
differences  found  between  the  various  types  were  rather  marginal,  with  Kodak 
Type  4  *ic’  double- emulsion  film  giving  better  results,  particularly  in  the  case 
of  boron-iitanlra  specimens.  In  this  latte?  type  of  material,  it  was  also 
found  that  both  voltage  and  exposure  time  are  quite  critical  and  oust  be  rigidly 
standardized  for  consistently  good  results.  In  the  experiments  perform eds  it 
was  found  that  narrow  beam  radiography  does  not  have  a  significant  advantage 
over  the  standard  broad-been  type  radiography,  i&wever,  this  resait  may  have 
been  partly  due  to  a  somewhat  unstable  scanning  system.  In  any  case,  resolu¬ 
tion  of  hroad-beaa  radiography  wes,  in  all  cases  except  that  of  the  thin  bratm- 
aluaiiaan  sections,  adequate  to  resolve  single  fiber  breaks.  Figure  17  shows 
the  narrow-beam  radiograph  taken  at  ISO  XV,  10  sa;  fairly  good  fiber  detail  is 
evident.  Narrow-beat  radiography  was  also  evaluated  for  the  detection  of  dis¬ 
bonds.  Figures  17  and  18  do  not  show  evidence  of  the  deliberate  disbonds; 
however,  good  fiber  detail  is  evident. 


Major  fiber  break  areas  and  general  aisalignasnl  of  fibers  can  be  readily 
seer,  in  almost  all  cases  upon  a  casual  inspection  of  the  radiographs-  However, 
in  order  to  determine  single  fiber  breaks,  accurate  scanning  of  a  magnified 
radiograph  is  essential.  The  sicroradiogr^phy  effort  was  exploratory  only  and 
did  not  yield  results  which  were  significantly  better  than  those  which  could  be 
obtained  fro©  a  signified  radiograph.  Stereoradiography,  too,  requires 
more  attention.  The  high  resolution  obtained  with  standard  methods  rather 
obviates  the  need  for  penetrssaeters.  In  fact,  better  details  could  be  observed 
on  the  actual  specimens  than  in  the  case  of  penetrometers.  The  inability  of 
radiography  to  detect  disbonds  was  brought  out  in  the  penetrometer  tests,  using 
a  thin  film  with  boles.  However,  voltages  were  optimized  for  general 
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resolution  of  the  fibers  rsthsr  than  that  of  mirror  disbonds;  it  is  possible 
that  differing  optimization  voltages  are  required  for  fiber  resolution  and  for 
the  resolution  of  disbonds. 

Regarding  recommendations  for  future  effort  relating  to  fiber -matrix  com¬ 
posites,  it  is  suggested  that  this  be  concentrated  in  the  following  areas: 

1.  Examination  of  other  composites  such  as  silicon  carbide  in  titaniiw,  or 
beryl liiEB  in  titanium,  to  extend  the  limits  of  applicability  of  the 
optimization  rule. 

2.  Optimization  tests  with  penetrameters  and  specimens  for  disbonds,  with 
and  without  alumina  parting  compound. 

3.  A  further  analysis  of  the  effects  of  the  tungsten-boride  core  in  boron 
fiber  and  the  density  of  inclusions  such  as  the  alunina  parting  com¬ 
pound. 

4.  Further  experiments  with  improvements  in  mieroradicgraphy  aimed  at 
revealing  the  actual  shape  of  the  ends  of  fractured  fibers  (This  would 
provide  valuable  information  for  failure  and  stress  analysis.) 

5.  Further  work  on  dynamic  testing  with  a  better  resolution  vidicon  tube  - 
TV  camera  arrangement  to  give  higher  resolution 

6.  Further  experiments  with  stereoradiography  to  investigate  the  possi¬ 
bility  of  finding  a  method  allowing  determination  of  the  particular 
layer  in  which  a  defect  occurs. 


ULTRASONIC  INSPECTION 


Three  types  of  ultrasonic  tests  were  carried  on  the  composite  materials. 
Specimens  were  inspected  by  the  latest  pulse-echo  methods.  The  velocity  of 
sound  in  the  various  composites  was  determined  ax?  measurement  of  the  attenu¬ 
ation  in  the  composites  was  attempted. 

The  results  of  the  pulse-echo  inspection  are  surasarized  in  Table  IX.  It 
is  evident  that  standard  pulse-echo  methods  are  satisfactory  for  the  determi¬ 
nation  of  gross  disbonds  down  to  1/4  inch  square  in  all  materials  except  the 
boron- aluminum  composite,  where  the  small  area  disbonds  were  not  detected. 
Detection  of  fiber  gaps  and  fiber  breaks  is  limited  to  large  area  gaps.  In 
addition  to  the  deliberate  disbands,  a  number  of  other  defects  were  noted, 
which  cannot  be  identified  until  the  specimens  are  destructively  tested.  No 
identification  could  be  made  as  to  the  composite  layer  in  which  the  disbond 
occurs. 
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Table  IX 

OF  ULTRASONIC  DETECTION  FOR  FIBER-MATRIX  COMPOSITES 


ICO 


R*  *  Fibrr  Breaks  A*  1  x  2  Inch  Triangle  Disbond  tt  0  Square  Shape  Defects 


Sound  velocity  seasurcsssts  were  suaeari zed  in  Table  VII.  With  regard  to 
the  seasur^ents  of  velocity  of  sound  in  boron,  the  data  found  are  applicable 
to  crystalline  boron  and  say  or  say  not  apply  to  the  amorphous  boron  existing 
in  the  fibers.  Rzrtherxaore,  no  consideration  has  been  taken  of  the  tungsten- 
boride  core  of  the  fibers  or  of  any  diffusion  layers.  Sound  velocity  data  can 
be  normalized  by  plotting  the  estimated  velocity  of  sound  against  the  actual 
velocity  found.  The  estimated  velocity  is  given  by 

v-yfWP 

where  E  is  the  modulus  and  P  the  density.  These  data  are  plotted  in  Figure 
44,  together  with  the  data  for  the  raw  materials.  The  value  for  plotted  boron 
is  the  best  \*alue  obtained  for  crystalline  boron.  From  the  plot,  it  can  be 
seen  that  the  theoretical  sound  velocity  in  the  tungsten- copper  and  the  boron - 
aluninum  composite  should  be  very  similar  to  that  of  copper,  and  alurairasa, 
respectively.  In  fact,  somewhat  lower  values  were  obtained  experimentally. 

The  boron-titanium  alloy,  which  has  a  higher  theoretical  velocity  than  pure 
titanium,  does  show  a  slightly  higher  value  than  anticipated.  There  is  only 
one  significant  difference  between  the  tungsten-copper  and  boron-aluminum  com¬ 
posite  on  the  one  hand,  and  the  boron- titaniin  composite  on  the  other  hand.  In 
the  first  two  composites,  no  diffusion  reactions  take  place,  whereas,  diffusion 
reactions  occur  between  boron  and  titaniua.  Hypothetically,  the  lowering  of 
the  sound  velocity  could  be  explained  by  a  multiple  diffraction  process  of  the 
sound  waves  caused  by  the  fibers.  In  that  case,  all  three  values  should  be 
somewhat  lower.  Whether  the  slightly  larger  effective  diameter  of  the  boron 
fibers  in  the  boron- titaniua  composite  would  affect  this  diffraction  process  is 
a  matter  of  conjecture  at  this  stage.  A  very  important  question  which  arises 
is  whether  this  lowering  of  the  sound  velocity  can  be  related  to  the  fiber 
ratio.  If  it  can,  then  a  convenient  nondestructive  method  for  the  determin¬ 
ation  of  fiber  ratio  in  a  specimen  of  a  known  ccabination  has  been  established. 

Finally,  some  work  was  initiated  on,  the  determination  of  acoustic  attenu¬ 
ation  in  coqposites.  In  these  tests,  the  signal-to-noise  ratio  was  too  high 
to  obtain  any  reliable  data. 


It  is  reccraaended  that  future  work  on  ultrasonic  inspection  of  composites 
be  concentrated  on  the  following  problems: 

1.  A  further  evaluation  of  the  relation  of  sound  velocity  in  relation  to 
predicted  values  and  as  a  function  of  voluae  ratio 

2.  Isprcvasents  of  the  attenuation  measurements  to  obtain  reliable  data 

3.  Experimental  and  theoretical  studies  to  determine  acoustic  properties 
of  the  diffusion  products  and  their  likely  effect 
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ELECTOWCTjEnC  INSPECTION 

The  tests  carried  out  were  of  an  exploratory  nature  only,  and  no  reliable 
conclusions  can  be  drawn.  Obviously,  more  sensitive  probes  scanning  a  smaller 
area  than  that  covered  in  these  exploratory  tests  mast  be  utilised. 


FIBER  INSPECTION 


The  feasibility  of  an  optical  fiber  inspection  system,  which  is  capable  of 
automation  and  inclusion  in  a  production  setup  for  the  manufacture  of  con¬ 
tinuous  fiber  composites,  has  been  demonstrated.  Future  work  should  be  directed 
toward  the  development  of  a  pilot  plant  and  a  survey  of  methods  for  the  auto¬ 
matic  scanning  and  utilization  of  data. 


RESIDUAL  STRESSES 


No  experimental  work  on  the  measurement  of  residual  stresses  in  either 
fibers  or  composites  has  been  carried  cut.  Such  work  is  of  importance  for  the 
evaluation  of  composites,  both  in  production  and  for  research  and  development 
purposes.  Seme  possible  approaches  are  indicated  by  the  literature  survey. 


GENERAL  CONCLUSIONS 


The  study  has  shown  that  a  combination  of  conventional  radiographic  aid 
ultrasonic  NuT  methods  are  adequate  for  the  routine  inspection  of  sheet- shaped 
composite  materials.  By  these  methods,  fiber  breaks,  fiber  gaps,  and  gross 
disbonds  can  be  determined,  Whether  the  resolutions  obtained  on  disbond  deter¬ 
minations  (1/4  inch  square)  axe  adequate  for  predicting  cccposite  behavior 
must  be  evaluated  by  a  study  on  the  effect  of  such  disbonds  on  composite  be¬ 
havior  and  composite  properties.  The  resolution  of  single  fiber  breaks  and 
ainor  alignment  differences  seen  by  radiography  is  as  detailed  as  can  be  re¬ 
quired.  Rsther  refinements,  such  as  determining  the  shape  of  the  end  of 
fractured  fibers  need  to  be  investigated. 
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Appendix  I 

MSIMiJOGRAPSSC  INSPECT!©!  OF  Fv®S^-MATRIX  O^IPOSITES 

itetatiogrsphic  inspection  was  performed  on  tungsten- copper,  bor<m“titanii2a, 
and  boron-aliefiinisn  composite  specimens.  The  inspection  provided  information 
regarding  the  nature  of  the  diffusion  bond  and  matrix  forming  characteristics , . 
determination  of  actual  fiber- to -matrix  volume  ratio,  sad  "the  regularity  of 
fiber  alignment.  Metallogrsphic  sables  were  obtained  by  shearing  a  1/2-inch 
strip  from  the  end  of  each  5  x  10  inch  spec  Lien.  A  detailed  discussion  of 
specimen  preparation  and  inspection  techniques  is  presented  in  Section  IV  of 
this  report.  Specimen  identification  and  specification  data  given  in  table  A-l. 

The  following  sequence  of  photographs  show  sections  of  the  specimens  at 
10X,  15GX,  and  50OX  magnification.  Typical  fiber  spacing  and  integrity  of  the 
fiber-matrix  bond  are  visible  in  the  photographs. 


Table  X. 


OM^OSITE  SPeCS®*  TWIOSSSS  §  VOL&S  RATIO  tSUSSB&OS 


SpecissB 

Thickness  (In.) 
Itesign  Measured 

Vbltsae  Ratio 
Calculated  1 

hid.  of 
Fiber  Layers 

Timgsten-C^pper 

- 

10  BF 

0.040 

0.039 

8.4 

3 

15  BF 

0.040 

0.043 

13.4 

i 

20  BF 

0.040 

0.050 

16.5 

3 

25  BF 

0.040 

0.051 

21.1 

4 

15  FH 

O.OSO 

0.086 

13.2 

9 

IS  M 

0.125 

0.135 

14.1 

15 

15  A 

2.250 

0.265 

14.3 

28 

Borai-Titaniisn 

10  BF 

0.040 

0.056 

8.1 

3 

15  BF 

0.040 

0.045 

12.2 

4 

20  BF 

0.040 

0.061 

13.0 

3 

25  BF 

0.040 

0.041 

21.0 

4 

15  B* 

O.flSO 

0.08? 

13.4 

9 

15  M 

0.125 

0,133 

13.7 

14 

Boron -Aluaiiuan 

| 

10  BF 

0.040 

0.056 

9.8 

3 

15  BF 

0.040 

0.037 

10,0 

3 

20  BF 

0.040 

0.04G 

12.5 

4 

25  BF 

0.040 

0.052 

20.1 

4 

15  FM 

0.090 

0.892 

13.1 

8 

15  M 

0.125 

0.145 

11.4 

i 

! 

14 

Figure  46  .  Tungsten- Copper  -  15  BF 
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Figure  58  .  foron- Aluminum  -  10  BF  Specimen  Edge  After  Polishing. 
(Note  that  polishing  method  used  here  failed  to  produce 
sharp  definition  of  fiber  ends.) 
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66  .  Section  of  B":\  '•luninun  Specimen  Sliced  Parallel  to 
Fibers,  1SUX  and  230X  Magnification 


Appendix  II 

RADIOGRAPHIC  INSPECTION 


Radiographic  inspection  was  performed  on  tungsten-copper ,  boron -titanim, 
and  boron- aluminum  composite  specimens.  Hie  objective  of  this  effort  was  to 
determine  the  capability  of  conventional  radiographic  inspection  techniques 
for  the  detection  of  intentionally  introduced  defects.  Photographic  prints 
of  the  radiographs  resulting  from  the  optimization  of  radiographic  techniques 
are  presented  in  this  Appendix .  The  detailed  test  conditions  are  described 
in  Section  V  of  this  report.  The  tungsten- copper  evaluation  specimens  in¬ 
clude  10  and  25  percent  volume  ratio  areas  and  contain  broken  fiber  and  dis¬ 
bond  defects.  One  series  of  photographs  is  included  for  each  set  of  tungsten- 
copper  and  boron -aluminum  specimens.  Two  sets  of  boron- titanium  specimen 
photographs  are  presented  to  show  the  minor  differences  obtained  in  radio- 
graphic  inspection  from  opposite  sides  of  the  specimen.  Hie  specimen  code 
identifies  the  fiber-matrix  volume  ratio  of  the  specimen  and  the  nature  of 
the  defect,  i.e. ,  10  BF,  where  10  is  the  volume  ratio  percent  and  BF  indicates 
deliberately  introduced  broken  fiber  defects. 
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Figurc  68  •  ^Man-Copper  10-25  BF  Evaluation  Specie  at  80  IV.  10  (ft 

4  f&i  Die,  2  Min 
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Figure  81 .  Tbngsten-Copper  20  BF  Specimen  at  170  KVt  1.2  M4  Dia,  2  Min 


Figure  82.  Tungsten-Copper  25  3F  Specimen  at  190  KV,  1.2  MtJ  Dia,  2. 
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rigune  84  .  Tungsten-Copper  15  A  Specimen  at  290  KV,  1.2  MM  Dia  4  Min 
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Figure  86 .  Borcm-Titanim  10  BF  Specimen  (Front)  at  90  KV, 
3.5  MA,  1.2  m  Bia,  4.5  Min 
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Figure  88  .  Boron-Txtaniun  IS  BF  Specimen  (Front)  at  90  KV 
3.S  Mk,  1.2  MM  Dia,  4.75  Min 
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Figure  93 . 


Boiun-Titaniun  25  BF  Specimen  (Back)  at  90  KV, 
4  MA,  1.2  hW  Dia,  5  Min 
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ii^msmc  c-scan  becords 


Ultrasonic  C-scan  records  were  prepared  for  tungsten-copper,  boros?- 
alipainm,  and  borcK-alwrimra  fiber-matrix  composite  specimens.  1 Ms  Appendix 
presents  representative  records  for  each  specimen  type.  The  sensitivity 
values  were  based  on  the  ultrasonic  response  from  appropriate  Alcoa  Series  J,D*! 
Reference  Blocks.  Where  the  instrument  response  was  lower  than  that  of  the 
largest  reference  standard,  the  sensitivity  was  expressed  in  taras  of  signal 
height  from  the  bade  surface  of  tly;  reference  block.  A  detailed  discussion  of 
test  conditions  is  presented  in  Section  VI  of  this  report.  The  following 
considerations  should  be  kept  in  mind  when  interpreting  she  C-scm  recordings: 

1.  2he  recorder  was  set  to  write  on  the  first  return  signal  frees  the 
reflector  plate.  Therefore,  a  loss  of  signal  appears  as  a  white 
area  on  the  recordings. 

2.  The  annular  loss  of  a  signal  at  the  comers  of  the  plate  images  were 
caused  by  the  rubber  grommets  used  to  space  tlie  specimens  over  tl»c 
reflector  plate. 

3.  The  record  area  is  slightly  larger  than  the  specimens.  This  was  done 
to  prevent  loss  of  information  during  testing.  However,  this 
technique  Bakes  exact  location  of  specimen  edges  on  the  recordings 
somewhat  difficult  to  determine. 

4.  The  recording  direction  was  normal  to  the  fiber  wrap  direction. 
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Figw  106.  Tungsten-Corker  -  20  BF-3:  33  Percent  Saturated 
Indication  Free  Flat  Bottoa  Hole  in  a  No.  8  Alcoa  D  Block 
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Figure  109.  Tungsten-Copper  *  IS  W-2:  %2  Percent  Satureted 
Indication  Fn*  Fist  Bottae  Hole  in  »  fe.  8  Alcos  I)  Block 
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Figure  116.  Pcron-Titsniua  -  IS  M-2:  15  Percent  Saturated 
Indication  Fran  Flat  Bottcn  Hole  in  a  No.  8  Alcoa  D  Bltck 
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Figure  117 .  Boron-Aluninusi  -  10  BF-3:  8  Percent  Saturated 

Indication  From  Flat  Bottom  Hole  ir>  a  No.  §  Alcoa  D  Block 
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Figure  121 . 
From  Flat 


Boron -Aluninum  -  25  BF-S-2:  S  Percent  Saturated  Indication 
Bottom  Hole  in  a  No.  8  Alcoa  D  Block;  Sensitivity  Control 
Set  at  1  x  4 
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ll6  ’  BoT*Si-A1«2k*»  -  15  F-3;  3  Percent  Saturated 
Indication  Proa  Flat  Bottoa  Hole  in  a  Ho.  7  Alcoa  D  Block 
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LITERATURE  SURVEY  -  ^NDESTRUCTiVn  TESTING  OF  METALLIC 
FIBER-MATRIX  COMPOSITES 


FOREWORD 


The  following  literature  survey  was  conducted  by  the  tos  Angeles  Division 
of  North  American  Aviaticn,  Inc,  under  Contract  AP33(615)-286S,  "Development  of 
Nondestructive  Testing  Techniques  for  Composites."  Literature  was  surveyed 
during  the  initial  phase  of  contract  effort  to  establish  theoretical  and  re¬ 
ported  sensitivity  levels  of  conventional  nondestructive  inspection  equipment 
as  applied  to  similar  and/or  allied  materials.  The  survey  was  performed  by  the 
Metal  Science  Unit  under  the  direction  of  Dr.  George  Martin,  Program  Manager, 
and  J.  Moore,  Project  Engineer-  Survey  results  were  reported  in  the  Monthly 
Progress  Report  dated  10  August  j  ‘S. 


INTRODUCTION 

This  literature  survey  briefly  summarizes  the  limits  of  defect  detecta¬ 
bility  by  nondestructive  test  methods,  with  special  reference  to  metallic 
material-filament  reinforced  composites  and  candidate  materials.  (My  standard 
methods  are  considered,  but  a  quantitative  assessment  is  made  of  radiographic 
and  ultrasonic  techniques  to  allow  possible  future  extrapolation  and  optimiza¬ 
tion.  In  radiography,  absorption  coefficient  data  have  been  collected  fbr  the 
candidate  materials  and  expanded  into  tables  to  allow  estimates  to  be  made  of 
defect  detectability  for  various  radiation  energies. 

In  the  case  of  ultrasonics,  a  literature  survey  has  been  carried  out  on 
attenuation  coefficients  and  sound  velocity  data  abstracted  from  seme  80  papers. 
Although  most  of  these  materials  are  not  candidate  materials  in  the  present 
study,  it  is  felt  that  this  data  collection  can  form  a  useful  basis  for  a 
quantitative  evaluation  of  possible  shortcomings  of  existing  systems  and  fbr 
selection  of  design  parameters  for  future  systems.  In  addition,  this  list  indi¬ 
cates  some  of  the  factors  that  affect  sound  attenuation  and  velocity  and  thus 
assists  in  delineating  the  application  of  acoustic  systems  to  specific  defect 
detection. 


ULTRASONIC  INSPECTION 
ULTRASONIC  TK3NIQUKS 

Pulse  echo  techniques  fbr  thin  sheet  inspection  are  limited  by  the  shortest 
echo  time  interval  that  can  be  resolved.  This  includes  the  recovery  time  of  the 
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equipment  and  transducer  and  the  velocity  A  sound  in  the  test  nkSt^rial-  The 
resolving  capability  of  cofm^rcial  equipment  is  determined  in  industrial  prac¬ 
tice  by  the  use  of  standard  j .  Thsse  standards  are  normally  mads  of  the  specific 
test  material  with  defect  simulated  by  drilled  flat  bottom  holes.  Standards  for 
a  number  of  materials  are  casnercially  available  (A5TM  E127-58T).  The  Immer- 
scope  424A  (L)  as  reported  to  have  a  resolving  capability  of  a  3/64  Alcoa  hole 
in  0.100- inch  aluminum  Comparative  figures  for  this  instrument  using  titanium 
would  be  3/64  Alcoa  hole  in  0.98-inch  thickness,  avid  5/64  Alcoa  hole  in  0.775- 
inch  thick  copper. 

Corrtercial  Russian  pulse  echo  equipment  is.  reported  by  Merkulov  (2)  as 
liaving  a  defect  detection  capability  of  approximately  J/32  inch  in  metals.  j 

The  device  is  described  as  an  electronic  depth  gage  and  uses  both  vertical  and  > 

prismatic  bariim  titanate  piezoelectric  transducers.  Automatic  rolled  sheet  I 

testers  are  also  described;  however,  inspection  is  limited  at  sheet  thickness 
of  approximately  0.3  inch.  ! 

Albertson  (3)  conduced  detection  sensitivity  tests  on  wire  ranging  from 
10  to  100  microns.  Conventional  pulse  echo  equipment  was  used  with  specially  ; 

developed  transducer  systems.  Echo  amplitudes  varied  approximately  1.5  times 
the  ratio  of  wire  diameters.  The  sonic  beam  was  reported  as  approximately  one 
mm  diameter. 

Ultrasonic  pulse  echo  and  through*  transmission  tests  show  remarkable  de¬ 
tail  sensitivity  with  large  transducers.  McMasters  (4)  has  reported  the  de¬ 
tection  of  1/54-inch  diameter  flat  bottom  holes  in  many  materials  when  tie 
effective  transducer  diameter  is  approximately  one  inch.  Sensitivity  in  alum- 
rum  for  a  vaiiety  of  commercial  ultrasonic  transducers  and  test  frequencies  is 
given  in  table  XI  (5j. 

Through-transmission  tests  conducted  by  Ross  (6)  detected  disbesd  conditions 
on  aluminum  clad  uranium  slugs.  The  aluminum  was  approximately  cae  inch  thick 
and  was  oonded  to  8-inch  diameter  uranium  slugs.  Disbonds  1/26- inch  diameter 
were  detected.  The  developed  instrunent  drawings  are  available.  In  other 
tests,  longitudinal  waves  are  transmitted  through  thin  sheets  to  a  reflecting 
slieet  (7);  the  presence  of  discontinuities  are  indicated  by  the  lack  of  echo 
by  the  reflector. 

Special  focusing  tec’miques  can  control  the  depth  of  penetration  and  im-  ? 

prove  defect  resolution  iPosakonyS) .  This  technique  has  successfully  detected 
lack  of  bonding  in  brazed  honeycomb  sandwich  material  (9).  Examples  of  trans-  } 

ducer  beam  configurations  ave  given  in  table  XII.  f 

McMasters  (4)  predicts  improvement  of  defect  resolution  in  th in-gage  ! 

material  by  the  use  of  acoustic  lenses  and  higher  frequencies.  At  the  higher  I 

ultrasonic  frequencies  fi:-  to  50  Miz) ,  seme  wavelengths  in  metals  reduces  to 
the  range  of  thin-gage  iwfermls  (25  to  5  mil '  .  If  ultrasonic  systems  were  de-  ] 

veloped  in  the  10d  to  S00  ItHz  frequency  range,  the  wavelength  in  metals  would 

{ 
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Table  XII 


B  >■;  GiAKACTERlSTICG  FOR  CONVENTIONAL  K5CUSED  LITHKJM 
SULFtfE  AND  FERROELECTRIC  Tr^oDUCERS 


r'requency 

(m) 

Water  Path 
O.) 

Metal  Path 
(In,) 

! 

Focal 

Length 

Bean  Dia 

(In.) 

- 

2-1/4 

3 

1/2 

Short 

1/4 

2  1/4 

i  1-1/4 

Medium 

5/16 

2-1/4 

3-1/4 

2-1/4 

Long 

3/8 

2  1/4 

3-1/2 

6 

Extra  long 

5/8 

S 

*» 

*< 

0.4 

Short 

1/8 

s 

2-1/4 

1 

Mediun 

3/16 

5 

3-1/2 

2-1/4 

Long 

1/4 

S 

3-1/2 

4 

Extra  long 

3/8 

10 

2 

0.4 

Short 

1/8 

10 

2-3/4 

1 

Mediun 

5/32 

10 

3-1/2 

2-1/4 

Long 

1/4 

10 

3-1/2 

4 

Extra  long 

5/15 

15 

2 

0.4 

Short 

1/8 

15 

2-3/4 

3/4 

Mediun 

5/32 

.  15 

3-1/4 

1-1/2 

Long 

1/4 

IS 

2-1/4 

1 

3 

i 

Extra  long 

5/16 

Ref:  Autonation  Industries,  Boulder,  Colorado 
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approach  2.5  to  0.5  mils.  Hus  technique  would  significantly  improve  defect 
detection  ar.d  resolution,  and  could  be  useful  in  determining  material  properties. 

It  is  concluded  that  conventional  through- transmission  testing  appears 
applicable  for  testing  all  the  subject’  matrix  composites.  Detectable  defects 
include  gross  matrix  disbonds,  come  groupings  of  fiber-matrix  disbonds  and  the 
greater  degrees  of  fiber  misalignment.  Broken  fibers  (still  aligned)  cannot  be 
detected.  Test  sensitivity  will  be  reduced  due  to  the  presence  of  the  fibers, 
especially  in  the  multilayer  sample  composites. 

Pulse  ringing  or  decrement  testing  has  been  indicated  by  several  companies; 
however,  published  information  is  not  available.  Disbonds  in  thin  laminants 
(0.60  inch)  and  honeycomb  composites  have  been  detected  as  small  as  1/16- inch 
diameter.  McClung  (10)  indicated  that  3/32-inch  diameter  disbonds  could  readily 
be  detected  0.65 -inch  deep  (interface)  in  stainless  steel.  Disbonds  areas,  1/32 
x  1.16' inch  rectangles,  were  detected  through  0.020  inch  of  type  304  stainless 
steel.  These  tests  were  not  conducted  with  a  specific  type  cf  commercial  equip¬ 
ment.  However,  the  proper  combination  of  standard  electrical  electronic  com¬ 
ponents,  with  special  transducers  can  be  employed. 

There  is  a  considerable  amount  of  literature  relating  to  the  use  of  im¬ 
pedance  measuring  equipment  for  detecting  disbonds  in  thin  laminar  structures. 

Such  instruments  include  the  Vidigage  (11),  Sonizon  (12),  Fbkker  Bond  Tester  (13), 
Stub-Meter  (14),  and  Coindascope  (15).  Experience  arid  verbal  reports  indicate 
that  the  minimum  diameter  disbond  detectable  is  between  one-third  to  three- 
fourths  the  transducer  diameter  (or  beam  diameter)  for  thin  laminants.  Aveyard 
(16)  used  conmercisi  resonance  typo  equipment  to  determine  unbond  conditions  in 
laminants.  A  specially  developed  collimated  beam  transducer  was  developed 
which  proved  superior  tc  focused  transducer  in  terms  of  disbond  sensitivity. 
Aveysud  concluded  that  commercial  contact  impedance  methods  are  dot  satisfactory 
for  disbond  detection  that  are  of  the  order  of  0.039- inch  diameter.  Also, 

Bobbin  and  Harris  (17)  indicate  that  attenuative  materials  require  that  a  low 
resonant  frequency  (less  than  3  Mte)  to  be  used  if  thickness  or  disbond  meas¬ 
urements  are  to  be  made.  Therefore,  thin,  highly  attenuating  materials  cannot 
be  satisfactorily  tested  if  the  lowest  resonance  frequency  (fundamental)  is 
above  approximately  3  MIz. 

It  is  concluded  that  thickness  measuring  impedance  methods  for  void  de¬ 
tection  in  the  matrix  composites  will  be  monsiderably  hindered  by  the  combi¬ 
nation  of  attenuation  due  to  sonic  scattering,  etc,  by  the  fibers,  and  high 
fundamental  resonant  frequency  values.  This  will  be  particularly  true  for  the 
multilayered  composites.  Impedance  contact  tests  using  lower  frequencies,  such 
as  with  the  Fokker  Bond  Tester,  and  Coindascope,  should  be  applicable  for  de-  - 
tec  ting  sizable  matrix  voids  and  fiber  misalignments.  Shear  wav#  testing  is 
apparently  not  applicable  to  the  matrix  composites  because  they  are  too  thin  to 
permit  pure  shear  wave  generation  with  commercial  equipment.  A  complex  Lamb 
wave  system  will  actually  exist. 
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Worlton  (18)  and  diNbvi  (19)  describe  the  use  of  Lamb  waves  in  thin  sheets 
slid  tubing  for  the  detection  of  discontinuities  and  changes  of  thickness.  Suc¬ 
cessful  tests  at  10  KS fe  showed  0.G0Q1 -inch-diameter  flaws  in  0 . CCS- inch- thick 
wail  Inconel  tubing.  In  10-mil  alunimm  plate,  a  one-megacycle  frequency  shift 
is  equivalent  to  one  mil  change  in  thickness. 


ULTRASONIC  ATTENUATION  AND  VELOCITY  IN  METALS 

Table  XIIJ  is  the  result  of  a  survey  of  the  lite/ature  on  various  properties 
of  mutals  Whose  relation  with  ultrasonic  attenuation  and  velocity  measurements 
ha»  bc«n  determined.  Attenuation  coefficient  and/or  velocity  data  have  been 
correlated  to  the  nondestructive  determination  of  the  following  material  param¬ 
eters: 

1.  Grain  sizes 

2.  Properties  of  castings  -  gas  porosity  and  microshrinkage  - 
mechanical  properties 

3.  Directional  properties  in  single  crystals  -  stress,  strain, 
magnetic  field 

4.  Integrity  of  structural  components 

5.  General  state  of  stress  and  stiains 

6.  Tensile  strength 

7.  Impact  strength 

8.  Microstructure  and  condition  -  Martensite,  hainite,  austenite, 
ferrite,  pearl its;  annealed,  cold-worked,  cast,  swaged,  etc,  also 
various  heat-treat,  quench,  temper  states 

9.  Alloy  contest 

10.  Hardness 

11.  Magnetic  field  dependence  of  attenuation  as  a  function  of  stress 
and  strain 

12.  Elastic  modulus  and  temperature  dependence  of 
IZ.  Shear  modulus  and  teeperature  dependence  of 
14.  Normal  or  superconducting  state 
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Throughout  the  tabulation  it  is  evident  that  a  pulse  technique  was  used 
exclusively  for  all  measurements,  with  the  pulse-echo  method  predominating. 

The  frequencies  used  generally  ranged  from  1  to  100  mc/sec.  with  pulse  durations 
usually  1  to  10  sec.  More  attenuation  measurements  were  made  with  longitudinal 
waves  than  shear  waves.  Attenuation  values  for  transverse  and  longitudinal 
waves  are  fairly  similar  whereas  longitudinal  wave  velocities  are  usually  about 
double  shear  wave  velocities  for  a  given  material. 

It  will  be  noted  that  comparison  of  attenuation  measurements  on  a  given 
material  as  determined  by  different  investigators  is  virtually  impossible  be¬ 
cause  of  widely  varying  test  circumstances  and  necessary  oversimplification  of 
tabulated  results.  For  example,  one  of  the  closest  Comparisons  possible  is  the 
room  temperature  attenuation  coefficient  for  longitudinal  waves  between  4150 
steel  (26)  and  a  Russian  0.4  percent  C  steel  (27)  at  about  15  mc/sec.  Assuming 
a  longitudinal  velocity  of  5.906  x  10?  an/ sec  for  steel  (an  average  of  several 
very  close  results  by  different  investigators),  a 4150  *  3.38  dB/an,  and 
or  0.4  percent  C  =  3.47  dB/an.  This  is  a  fairly  close  correlation,  but  is 
probably  somewhat  fortuitous  since  material  compositions,  grain  size,  etc,  are 
different. 

Velocity  data  for  a  given  material  are  usually  in  good  agreement  among 
various  authors  since  velocity  is  not  particularly  sensitive  to  material  pre¬ 
paration  or  frequency  nder  normal  conditions. 

Generally,  ultrasonic  attenuation  increases  with  frequency,  temperature, 
and  stress,  and  decreases  with  hardness  and  impact  strength.  Velocity  is 
fairly  independent  of  frequency,  decreases  with  temperature,  and  increases  with 
tensile  strength.  However,  these  broad  generalizations  are  sometimes  revers¬ 
ible  depending  upon  conditions. 


Symbols  and  Abbreviations 

The  following  abbreviations  and  symbols  are  used  in  Table Xlllt 

OL  OR  8  «  Attenuation  coefficient,  dB/  sec,  NePers/cni,  *®/aR,  *®/iach»' 

^/path*  U  Neper  **  8.68  cIB) 

A  =  Annealed 

AC-fiS  *  Arc  cast  -  hot  swaged 

AR  *  As  received 

ARCR  *  As  received  cold  rolled 

ASIM  *  Standard  grain  size  designation 

Aus  *  Austenite,  aur  " "'itized 

B  *  Bainite 

BHN  «  Brinell  hardness  number 

rPT-  »  Charpy  breaking  energy  (£t~ib) 

Coop.  *  CciBpression  waves 


CR  *  Cold  rolled 

A  -w  *  Change  of 

DIAQ  *  Dry  ice  -  acetone  quench 
E  =  Elastic  modulus 

Eq  *  Equiaxed 

€  *  Strain 

F  *  Ferrite 

f  -  Frequency 

FC  =  FUmace  cooled 

G  ~  Shear  Modulus 

GS  -  Grain  Size  (mm) 

H  *  Magnetic  field.  Oersteds  where  not  specified 

IJR  *  Hot  rolled 

HTT  *  Heat  treat  temperature 

IIS  *  Izod  impace  strength  (ft- lb) 

LNQ  =  Liquid  nitrogen  quench 

LNQ-T  =  Liquid  nitrogen  quenched,  and  tempered 

Long  =  Longitudinal  waves 

M  =  Martensite 

Non-A  =  Nonannealed 

Non-T  ~  Nontempercd 

Orient  =  Orientation 

P  =  Pearlite 

PD  *  Plastically  deformed 

P-H  *  Pulse-echo 

P-F  =  Pearlite- ferrite 

Q  *  Quenched 

RC  »  Rockwell  MC’  hardness 

R.T.  =  Room  temperature 

Rx  =  Recrystallizcd 

S  *  Stabilized 

a  -  Stress  (psi  unless  otherwise  specified) 

Spec  =  Specimen 

SR  =  Sperry  refleetoscopc 

SUAC  =  Sperry  ultrasonic  attenuation  comparator 

T  =  Temper,  temj>ered 

TM  *  Tempered  martensite 

Trans  =  Transverse  Waves 

TS  =  Tensile  strength 

TT  «  Tenqiering  temperature 

V  =  Velocity  of  sound 

WQ  =  Water  quenched 
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INFRARED  TECHMOilES 

Considerable  interest  has  been  seen  recently  in  the  use  of  infrared  tech- 
niques  for  thin*gage  materials  and  structures.  Recent  work  Ly  Automation  In¬ 
dustry  and  the  Perkin-Elmer  Corp  have  shoivn  the  feasibility  of  this  approach. 

In  most  cases,  however,  the  problems  encountered  in  commercial  equipment  deal 
with  thermal  time  constants  of  large  structures  and,  therefore,  have  limited 
resolution .  With  thin-gage  metallic  structures,  the  thermal  tins  constants 
are  sufficiently  short  and  should  permit  rapid  testing. 

Early  thermal  testing  methods  were  limited  in  test  sensitivity  due  to  dif¬ 
ferences  of  emissivity.  Specially  prepared  surfaces  were  found  by  ftaley(58) 
and  Sadis (60)  to  produce  uniform  emissivities.  An  alternate  technique  by 
Green  (61)  uses  reflected  Infrared  and  is  claimed  to  eliminate  the  influence 
of  emissivity  differences  (62).  Green  also  reports  using  the  ratio  of  two  IR 
radiometers  signals  to  procude  an  emissivity  independent  of  surface  conditions. 
Aluminur  clad  uranium  ftiel  elements  used  to  evaluate  this  technique  were 
1-1/2-inch  diameter  cylinders  with  a  0.030-inch  cladding.  Artificial  defects 
were  made  from  0,003-inch  thick,  1/2-  and  3/8-inch-diameter  mica  disks  and  in¬ 
serted  in  the  bond  area,  and  were  detected  by  this  technique. 

The  commercial  application  of  infrared  techniques  are  commercially  applied 
for  electronic  circuit  boards  (66)  in  this  application,  the  part  gives  off  in¬ 
frared  radiation  and  is  scanned  to  give  a  "thermal  signature,”  The  infrared 
camera  produces  the  equivalent  of  a  180  line  TV  picture,  containing  60,000 
data  points  per  frame,  produced  in  12  minutes  with  a  thermal  sensitivity  of 
0.1°e.  The  part  tested  contains  heat  producing  elements  1/16-inch-diameter  by 
3/4- inch  length  and  up,  such  as  diodes,  rectifiers,  etc.  Commercial  infrared 
inspection  of  parts  at  temperature  in  equilibrium  with  ambient  are  reported  by 
'fclntosh  (63),  Examples  are  given  for  brazed  honeycomb  inspection  wherein 
heat  is  applied  to  the  rear  surface  and  the  conducted  teat  pattern  on  the  front 
surface  indicated  varying  internal  thermal  anonalities.  Radsliff  (64)  reports 
the  use  of  Barnes  Engineering  equipment  to  detect  deliberate  disbonds  (1/4  to 
one  inch  diameter)  between  the  Polaris  A-3  solid  propellant  motor  case  and 
lines.  Fixed  spot  radiometric  microscopes  are  used  for  inspecting  semicon¬ 
ductors  and  integrated  circuits.  Here  again,  the  parts  are  thermally  active. 
However,  resolution  spot  sizes  are  presently  at  5  milli-inches. 

In  sinmary,  the  application  of  conventional  IR  techniques  for  the  composite 
materials  and  structure  does  not  seem  practical  at  present  because  of  the  poor 
IR  resolution  and  limited  scanning  capabilities.  The  application  of  tech¬ 
niques  such  as  described  by  ’ialey  (58)  are  promising,  but  require  development. 


EDO?  CURRENT  TF.QNIQUES 

Eddy  current  techniques  are  used  to  inspect  electrically  conducting  mate* 
rials  for  cracks,  voids,  inclusion,  etc,  'fcGonnagle(67)  has  compiled  an 
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extensive  survey  on  commercial  equipment  and  reported  typical  inspection  capa¬ 
bilities,  This  survey  apparently  includes  equipment  in  use  through  I960  and  is 
summarized  in  table  XIV. 

A  second  tabulation  of  commercial  eddy  current  instruments  is  given  by 
McMasters(74)  which  includes  response  characteristics  and  typical  applications. 
Commercial  equipment  is  reported  extensively  in  the  production  of  copper  and 
aluminum  foils,  sheets  and  tungsten  wire. 

The  eddy  currents  induced  in  a  material  are  affected  by  changes  in  elec¬ 
trical  conductivity.  The  gross  differences  in  electrical  restivity  represented 
by  the  candidate  composite  materials  would  appear  to  give  significant  signal 
variations  when  scanned  in  composite  structure.  Further*  the  determination  of 
fiber  alignment  is  considered  feasible.  The  localized  induced  eddy  currents 
concentrate  near  the  surface  of  a  specimen.  In  the  case  of  a  plane  conductor, 
the  current  falls  off  exponentially  with  the  depth  below  the  surface  as  an  in¬ 
verse  function  of  frequency,  magnetic  permeability,  and  electrical  conductivity, 
.Tones (72)  investigated  the  effect,  of  increasing  the  frequency  in  the  case  of 
th in-gage  ncnferrous  alloys  to  obtain  accurate  resistivity  or  conductivity 
measurements.  Tests  were  conducted  using  a  'iagnatest  FM-100  and  aluminum  al¬ 
loys  of  about  1.35  to  2,30  microhm-inch  resistivity.  The  critical  limit  at 
60  KHz,  resistivity  measurements  could  be  obtained  on  0  ^1- inch- thick  material 
of  0.674  microhm- inch,  and  on  0.06 -inch- thick  material  4,1°  microhm- inches 
resistivity.  Although  some  reduction  in  accuracy  was  reported  at  higher  fre¬ 
quencies,  it  was  concluded  that  the  use  of  higher  frequencies  led  to  a  still 
reasonable  determination  cf  thin  material  properties.  Other  materials  tested 
included  manganese  bronze,  copper  beryllium,  and  copper,  and  confirmed  this 
conclusion.  It  should  be  noted  that,  if  this  theory  is  extrapolated,  increasing 
the  frequency  to  1000  times  the  limit  frequency,  a  wire  diameter  variation  of 
0,1  percent  would  cause  the  same  variation  as  c  crack  of  5  percent  depth. 

Thus,  a  disadvantage  of  eddy  current  tests  is  the  inability  to  separate  meas¬ 
urement  effects  on  required  variables  from  less  significant  effects. 

The  application  of  eddy  current  tests  for  the  distinction  between  various 
alloys,  based  on  their  varying  conductivities,  is  widely  practiced  in  industry. 
The  widely  varying  conductivities  of  the  specimen  corposites  could  thus  be  de¬ 
tected  on  gross  comparative  basis,  Comercial  instruments  are  available 
(Signiatest)  with  high  and  low  conductivity  sensing  capability. 

The  use  of  high  conductivity  materials  (copper,  aluminum)  in  the  metallic 
matrix  composites  suggest  another  eddy  current  approach.  In  conventional  eddy 
current  testing,  the  extremely  high  attenuation  of  high-frequency  eddy  current 
fields  in  good  conductors  requires  the  use  of  large  coils,  low  frequencies  and 
high  power,  Renken(73)  has  shown  that  higiter  surface  resolution  can  he  obtained 
by  the  use  of  a  pulsed  eddy  current  system  employing  a  masked  'iperture  probe. 

The  masked  probe  restricts  the  application  of  a  pulsed  induction  field  to  a 
small  cross-sectional  area,  thereby  permitting  relatively  thick  sections  to  be 
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Equipment 

Cyclograph 
(J.W,  Dice  Co.) 


Probology 
(Shell  De¬ 
velopment 


'ietai  Com¬ 
parator 
(General 
Electric) 

Knolls  Atomic 
Power  Lab- 


Tester 

Forster  In¬ 
struments 
Deflec tone ter 
Sigmaflux 


5feasurement 

'Materials 

Resistive 

impedance 

Inconel  tube 

0.25  in.  dia, 
0,025  in,  wall 

- 

1100  Aluminum 
0,0003  to 

0.0009  in. 
thick  bonded  to 
1.0  in.  dia. 
uranium  rods 

Phase, 

Impedance 

Zircaloy  tubing 

Reference 
impedance 
vs  test 
part 

Magnetic  and 
nonmagnetic 

Induction, 

Impedance 

Capillary 
tubes  0,050  to 
0.226  in.  dia 

Phase, 

impedance 

Nonferraus  wire 
and  rods,  spec¬ 
ifically  for 

tungsten  wire 

Defects 


0.001  in,  deep  inter* 
granular  crack 


0.5  in.  dia  unbonded 
areas 


0.005  in.  deep  x  0.5  in. 
long  ID  wall  cracks 

Wall  thickness  changes 
of  II  in  0.5  in.  length 

Material  properties  * 
thickness 


Cracks  0.0005  to  0.001 
in.  deep,  0.070  to 
0.100  in,  long 


Cracks  in  nonmagnetic 
material,  alloy  varia¬ 
tions,  gross  cracks 


tOStcd  With  good  resolution.  Further,  the  inspection  of  thin  materials  is  on* 
hanced,  since  the  pulse  rate  and  length  can  be  varied  and  reflected  pulses  are 
a  function  of  the  materials  properties,  structures,  etc. 

It  can  be  concluded  that  inspection  techniques  using  eddy  currents  is 
potentially  feasible  for  the  inspection  of  the  matrix  materials  and  the  tungsten 
fiber.  Boron  fiber  is  not  mentioned  in  the-  literature  surveyed,  No  mention  of 
fiber-matrix  inspection  m s  found.  The  detection  of  disbonds  in  clad  materials 
and  interlaminar  corrosion  was  reported.  The  applicability  of  eddy  current 
techniques  for  corrposites  is  considered  beyond  the  level  of  conventional  equip¬ 
ment.  However,  pulse  techniques  and  carefully  calculated  high-frequency  limit 
techniques  are  considered  feasible  on  a  laboratory  basis. 


RADIOGRAPHY 

The  detection  of  defects  in  metallic  fiber-matrix  composites  by  radio¬ 
graphy  depends  on  the  relative  absorption  of  X-rays  by  the  composite  materials 
and  the  material  geometry.  The  materials  are  primarily  the  matrix  and  rein¬ 
forcing  fiber,  but  phases  such  as  diffusion  layers,  gas  entrapment,  and  others, 
which  constitute  defects,  must  also  be  considered.  Radiation  beams  cover, 
generally,  a  spectrum  of  photon  energies,  whose  integrated  value  is  the  effec¬ 
tive  X-ray  energy.  This  vaiue  is  less  than  the  nominal  input  in  the  conven¬ 
tional  X-ray  tube  and  equipment  which  has  a  minimal  value  of  about  20  kv.  This 
value  corresponds  to  an  electron  accelerating  potential  or  operating  voltage  of 
about  45  kv.  In  the  tnhles  attached,  only  the  effective  energy  is  considered. 
Relative  intensity  changes  over  the  area  of  the  specimen  will  vary  with  attenu¬ 
ation  of  the  photons  as  the  specimens  are  scanned.  In  order  to  define  the  ex¬ 
tent  of  defects  in  the  plane  dimension,  intensities  must  be  of  a  sufficient 
order  to  produce  an  observable  change  in  the  recording  photographic  film  or 
plate.  Plane  resolution,  therefore,  also  depends  on  the  film  characteristics 
including  grain  size  and/or  scatter  effects.  It  is  generally  agreed  that  a 
resolution  of  0.002  inch  is  a  reasonable  minimum  for  high-quality  production. 
However,  there  are  exceptions :  small  diameter  cylindrical  inclusions  are  most 
easily  detectable  if  the  cylinder  is  long  and  at  right  angles  to  the  radiation 
direction.  Likewise,  very  snail,  deep  holes  give  sharp  images. 

In  the  case  of  flat  sheet  specimens  as  described  in  this  report,  radio- 
graphic  conditions  arc  more  optinun  than  in  the  case  of  more  complex  shapes. 

For  the  present,  only  such  flat  sheet  spec  inerts  are  considered,  although  other 
shapes  must  be  considered  for  future  applications.  In  flat  specimens,  the  rain- 
iiTwa  tie  tec  table  defect,  therefore,  will  depend  principally  on  the  radiographic 
conditions  for  which  the  following  consideration  apply: 


0.00333  <MAX<  0,0167 
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where 

it  is  the  linear  atteraJStiOJl 

AX  is  the  minimum  detectable  defect  depth. 

The  aforementioned  inequality  is  based  on  the  minium  detectaole  change  in  film 
density.  Under  nearly  ideal  conditions,  most  defects  will  not  be  detectable  if 
ftAX<  0,0033,  and  most  defects  will  be  detected  if nAX<  0.0167,  Production 
radiography  rarely  approaches  such  ideal  conditions.  The  larger  value  is 
closer  to  the  values  obtained  in  radiographic  practice. 

Literature  has  beer,  summarized  in  the  following  tables  to  assess  the 
radiographic  contrasts  which  can  he  obtained  with  various  material  and  defect 
combinations.  Table  XV  summarizes  linear  attenuation  coefficients  for  the 
candidate  materials  for  various  effective  voltages.  It  should  be  noted  that 
these  coefficients  show  discontinuities  where  the  photon  energy  corresponds 
with  the  energy  of  characteristic  spectrum  lines  of  the  materials  involved. 
Table  XVI  summarizes  the  half  value  layers,  i.e.,  the  depth  of  layer  through 
which  one-half  of  the  X-ray  intensity  is  attenuated  and  also  the  maximum 
thicknesses  which  can  be  penetrated  by  photons  of  various  energy.  Table  XVII 
gives  the  minimum  size  of  material  thickness  change  which  can  be  determined 
radiographically  under  both  ideal  and  practical  production  radiographic  con¬ 
ditions.  It  should  be  noted  that  all  energies  given  are  the  effective  energies. 

The  discontinuities  of  absorption  coefficients  with  varying  energies  de¬ 
serve  further  attention.  It  is  evident  that  maximum  attenuation  in  a  given 
material  results  if  the  radiation  wave  length  is  coherent  with  the  effective 
radiation  energy.  This  principle  thus  onens  i rp  a  method  of  optimizing  radia¬ 
tion  to  either  filament  or  matrix  material.  For  example,  tungsten  has  an  ab¬ 
sorption  line  at  69,6  kv,  with  a  corresponding  absorption  coefficient  of  206 
curl.  Thus,  if  for  the  examination  of  a  tungsten  fiber  composite,  a  tungsten 
target  emitting  at  an  effective  energy  of  69,6  kv  is  used,  maximum  sensitivity 
to  defects  in  the  tungsten  fiber  will  be  attained.  This  principle  can  be  ap¬ 
plied  to  all  other  materials.  However,  it  necessitates  the  use  of  X-ray  tubes 
with  various  targets,  which  may  not  be  readily  available  commercially.  Lacking 
such  special  tubes,  radiation  energies  must  be  chosen  which  provide  the  great¬ 
est  difference  in  attenuation  coefficient,.  For  a  boron-aluminum  composite,  for 
instance,  maximum  difference  occurs  at  very  soft  voltages.  Here  again,  the 
limitations  in  availability  in  commercial  equipment  must  be  considered.  Nor¬ 
mally,  an  effective  energy  of  20  kv  is  the  lowest  range  of  generally  used 
equipment. 

Other  conclusions  which  can  bo  drawn  from  the  tables  are  that  optimized 
conventional  radiographic  methods  will  locate  fibers  and  complete  breaks  called 
out  in  the  study  program  and  have  a  good  potential  in  locating  broken  fibers 
and  some  matrix  and  other  bond  defects.  However,  this  method  would  not  be 
satisfactory  for  the  detection  of  changes  in  fiber  diameter  and  defects  In  line 
with  the  direction  of  X-rays, 
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INSPECTION  ANALYSIS  SfSTES 


The  KTudestructive  inspection  of  metallic  fiber-matrix  ccnposites  re* 
quires  almost  microscopic  detail  resolution.  Automated  scan/record  systems  for 
this  type  of  inspection  are  a  necessity  when  large  areas  and/or  complex  struc¬ 
tures  are  considered.  If  the  present  inspection  requirements  of  one  to  2  per¬ 
cent  sensitivity  (measured  in  terms  of  material  thickness)  are  extrapolated, 
resolution  in  the  order  of  10  to  1000  micro  inotes  is  required  for  the  subject 
composites.  This  inspection  level  approaches  the  grain  boundary  sizes  and  com¬ 
plex  signal  to  noise  ratio  problems  occur.  Rirther,  the  interpretation  of  test 
indications  by  a  human  operator  become  impractical  and  a  form  of  automatic  data 
processing  beccros  essential.  For  example,  if  discontimi&ties  in  the  order  of 
100  microincheE  are  significant,  an  inspection  system  must  be  capable  of  re¬ 
sol'  ing  10s  data  points  per  square  inch.  This,  the  inspection  of  the  S  x  10- 
inch  composite  specimen  would  involve  about  5  x  109  data  points.  Extrapolation 
from  the  specimen  to  production  control  of  sheet  or  assembled  vehicles  requires 
automation  as  found  in  digital  computer  facilities.  Lockheed  and  NAA/Columbus 
have,  at  present,  incorporated  digital  computers  for  similar  inspection  prob¬ 
lems,  Mcf.festers  has  proposed  the  development  of  high-resolution  closed-circuit 
television  systems  for  the  display  of  on-line  out-of-tolerance  measurements, 
Mc'lasters(65)  has  developed  a  high  detail,  enlarged  X-ray  imaging  system,  and 
recocaends  the  readout  of  all  nondestructive  test  systems  through  a  ccnaon  type 
of  information  transmission^  analysis,  and  display  system.  Such  a  conmon  sys¬ 
tem  would  certainly  he  sound  economically,  and  would  also  permit  simultaneous 
or  subsequent  viewing  of  several  types  of  nondestructive  test  method*. 


FIBER  INSPECTION 

The  inspection  of  filaments  as  alloyed  in  fiber  matrix  composites  is 
related  directly  to  ceosercial  wire  inspection.  The  major  difference  is  with 
respect  to  the  size  of  material  inspected.  Gomercial  wire  products  and  in¬ 
spection  are  reported  down  to  0. 0002-inch  diameter  and  smaller.  Inspection 
techniques  applied  to  wire  (fiber)  cover  practically  all  fields  of  current  non¬ 
destructive  testing. 

G.  Eamshsv  (79)  discusses  the  vastly  expanding  art  of  making  wire  and 
the  immediate  need  for  process  inspection  first  at  the  material  ingot  form  and 
as  processed  to  the  supplier.  Three  types  of  wire  defects  aifc  traced  to  the . 
wire  rods:  (a)  steel-caking  defects  such  as  axial  'egregation,  pips  and  in¬ 
clusions;  (b)  surface  defects  arising  from  casting  c  r  rolling  -  laps,  seams, 
fins,  slivers,  etc.;  (c)  structural  defects  as  excessive  decarburi ration,  coarse 
grain  size.  A  number  of  these  defects,  depending  on  nature  and  size,  will  be 
removed  by  the  wire  fabrication;  however,  others  will  be  included  in  the  *inal 
wire.  Sulfur  printing  i %  raccaaendad  for  detection  of  sulphur  segregation. 

Deep  etch  tests  are  suggested  for  surface  inspection  after  removal  of  mill 
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seale.  H.  Rainey  (80)  surveyed  mechanical  wire  f  ailures  in  wire  production 
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and  stress.  It  was  shewn  that  inclusions  could  ocean:  within  or  cn  the  surface 
of  the  wire.  M.  J.  Dashukewick  (81)  also  stresses  the  need  for  rod  or  billet 
inspection  prior  to  the  wire  drawing  operation,  not  only  to  ensure  good  wire 
but  also  to  keep  continuity  in  the  drawing  operation.  Systems  are  mentioned 
that  combine  eddy  current  (surface  defects)  and  ultrasonic  techniques  (internal 
defects)  for  testing  of  the  rod  and  the  drawn  ’wire.  Segre  (82)  describes  the 
problems  of  using  stainless  steel  wire  for  producing  wire  nesh  including  the 
effects  of  wire  spooling  and  annealing.  The  elastic  properties  of  wire  are  not 
entirely  a  function  of  diameter  and  improper  wire  handling  processes  can  easily 
degrade  the  tensile  strength  properties .  Segre  recoranends  a  study  of  the  field 
or  wire  plasticity  and  tensile  strength  as  stress  are  developed  in  the  entire 
wire  cross  section  and/or  on  the  wire  surface.  The  importance  of  wires  having 
an  extra  bright  surface  finish  is  emphasized  because  roughness  or  porosity  on 
the  surface  represents  preferential  spots  for  corrosion.  Wire  yield  strength, 
ultimate  tensile  strength,  percent  elongation  and  work  hardening  tendency  are 
properties  that  depend  primarily  on  the  chemical  composition.  However,  these 
properties  art1  not  independent  from  each  other.  Wire  handling  for  a  g'ven 
application  may  be  inproved  using  a  wire  with  a  somewhat  higher  tendency  to 
work- harden  but  at  the  same  time  having  a  plasticity  range  wide  enough  to  re¬ 
duce  the  risk  of  frequent  breakages. 

The  manufacturing  of  approximately  0.00002  inch  diameter  tings  ten  wire 
is  discussed  by  L.  Walter  (83).  After  the  required  wire  diarc  ter  has  been 
drawn  and  the  wire  annealed,  the  wire  is  dimensionally  and  mechanically  tested. 

Ultrasonic  cleaning  of  ferrous  ami  nenferrous  wire  is  recommended  by 
J.  R.  Logan  (84) .  The  application  of  ultrasonic  energy  to  add  cleaning  solu¬ 
tions  is  not  recoomended  due  to  the  reduction  in  wire  diameter.  However, 
ultrasonic  cleaning  using  alkaline  detergents  does  not  attack  most  nenferrous 
materials.  The  use  of  high  teeperature  cleaning  with  an  alkaline  solution 
further  improves  the  process.  Ultrasonic  cleaning  is  recoamended  at  various 
steps  in  the  wire  drawing  process  and  for  foe  find  product.  Ferrous  materials 
such  as  stainless  steel  that  require  removal  of  the  lead  used  in  drawing  could 
be  accomplished  by  a  continuous  hot  add  alkaline  solution  process  by  cleaning 
the  wire  directly  after  the  annealing  process.  Cleaning  is  claimed  down  to 
foe  micron  level. 

A.  K.  Saltis  (85)  reports  successful  elimination  of  wire  defects  caused 
by  mechanical  discontinuities  in  foe  billot.  The  billots  are  approximately 
two  inch  square  and  thirty  feet  long  and  are  automatically  inspected  in  con¬ 
tinuous  magnetic  particle  inspection  system.  Defects  found  in  foe  wire  were 
generally  attributed  to  the  drawing  process.  An  eddy  current  inspection  is 
performed  cm  foe  finished  wire  at  speeds  up  to  700  feet  per  minuted.  Inspection 
data  was  correlated  to  she m  foe  effect  of  discontinuities  on  foe  fatigue  life 


*t«M  I,PSW1WK' 


of  the  wire  spring  products.  An  additional  article  on  the  ssa»  program  by 
H.  G.  Bogart  (36)  describes  the  eddy  current  inspection  system  in  further  dew 
tail.  Depending  on  the  awteriai,  the  system  is  adjusted  tu  indicate  magnetic 
puberties  or  conductivity  changes.  A  differential  eddy  current  oil  system 
is  described  with  two  coils  located  close  together.  The  coils  are  *r.mr  acted 
in  series  opposition  so  that  general  wire  variations  in  diameter,  hardness, 
temperature  or  chemical  hardness  occurring  gradually  along  the  wire  will  not 
cause  false  indications . 

H.  F.  Aaaarell  and  R.  B.  bioyer  (87)  utilize  eddy  current  inspection 
equipment  to  define  alloy  conposition,  stress,  metallurgical  structure  and 
various  mechanical  defects  for  evaluation  of  hot  mill  billets,  etc.  Particular 
emphasis  is  placed  on  the  rotating  search  coil  type  inspection  for  all  types 
of  steel  as  well  as  nonferrous  alloys.  Standards  are  recx*^ended  using  the 
actually  defective  wire  products. 

Callen  (88)  discusses  a  new  tool  designed  to  simulate  defects  in  rod  and 
wire  products  used  in  eddy  current  testing,  the  tool  was  developed  based  on 
the  inadequacy  of  narrow-blade  saws,  millers,  and  are  erosion  techniques  for 
making  accurate  notches  for  eddy  current  standards.  The  tool,  claimed  to  pro¬ 
duce  cool,  shockless  cutting  with  good  controllability,  uses  a  finely  graded 
abrasive  gas  propelled  through  a  tiny  nozzle.  Microphotographs  are  shown 
illustrating  0.002,  0.004  and  0.005  inch  deep  notches  cut  in  304  stainless 
steel.  The  cuts  were  made  without  work  hardening  or  distortion  of  metal.  The 
notch  system  is  used  for  eddy  current  equipment. 

T5>e  J.  M.  Ney  Co.  (89)  describes  eddy  current  inspection  for  wire  as  mall 
as  0.005  inch  diameter.  Die  wire  is  used  in  printed  circuits,  slip  rings,  re¬ 
sistance  windings,  etc.  Defects  detected  includes  seams,  cracks*  and  dis¬ 
continuities. 

Color  reflectivity  measurements  for  moving  fine  wire  inspection  is  dis¬ 
cussed  by  T.  L.  Weaver  (90) .  Hie  instrument  consists  of  a  system  for  pulsing 
and  reflecting  blue  Light  alternately  from  a  standard  wire  Aid  the  moving  test 
wire.  A  photomultiplier  tube  detector  measures  the  reflection  intensities  as 
a  function  wire  surface  condition.  The  system  was  applied  to  measure  the 
amount  of  residual  graphite  remaining  on  0.001  to  0.009  inch  diameter  wire 
following  a  cleaning  process.  A  similar  technique  developed  by  F.  S.  Reed  (91) 
eaploys  two  fores  of  radiation,  emitted  at  different  frequencies  in  a  cyclical 
manner,  and  reflected  fay  the  material.  The  difference  of  absorbed  radiation 
characteristics  is  a  function  the  material  properties.  The  author  points  out 
that  the  technique  does  not  look  at  an  absolute  quantity  of  radiant  energy  and 
measure  its  absorption  or  shadow,  but  to  scan  rapidly  through  the  area  and  use 
the  ratio  of  the  time  the  energy  is  observed  versus  the  dark  area  caused  by 
the  wire. 
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L.  C.  mimey  (92)  reports  infrared  inspection  of  aliatinue  dad  wire 
ranging  from  0.080  to  0.250  inch  diameter,  The  inspection  problem  involved 
accurately  determining  the  aluminum  bond  tc^crature  mi  controlling  the  heater 
system.  Destructive  tests  were  made  to  establish  the  optimum  bond  temperature. 
This  system  concept  has  potential  application  at  wire  annealing  or  points  where 
an  infrared  spectrum  or  frequency  could  indicate  wire  anomalies. 

Ultrasonic  wire  inspection  is  reported  by  W.  Lehfeldt  (93)  at  speeds  up 
to  700  feet  per  minute.  The  author  states  that  pulse  echo  techniques  using 
longitudinal  or  transverse  waves  are  not  usable  for  wire  inspection.  An  ultra¬ 
sonic  pulse  echo  system  was  used  to  establish  "wire  waves”  evidently  similar 
to  Lamb  waves  in  thin  sheet  material.  Pulses  at  4  Miz  were  propagated  through 
water  to  wire  ranging  fxtat  0.004  to  0.2  inch  diameter.  A  commercial  test  sys¬ 
tem  was  tested  and  detection  of  cracks  was  reported  with  a  depth  of  10  percent 
of  the  wire  diameter.  Tests  were  conducted  on  tungsten,  silver  solder,  copper 
and  steel  wires.  This  system  is  reported  to  have  found  all  defects  as  subse¬ 
quently  located  by  microscopic  evaluation.  This  included  both  surface  and 
internal  wire  defects. 

Optical  inspection  of  wires  has  been  the  subject  of  many  papers,  however, 
only  three  are  reported  here  to  show  the  general  approaches.  W.  C.  Hutchins 
(98)  describes  the  development  on  optical  diameter  gage  that  operates  on  the 
light  beam  principle.  A  replaceable  steel  wire  reference  is  compared  with  the 
test  wire  by  projecting  the  wire  images  on  two  series-opposing  photovoltaic 
cells.  The  instrument  is  sensitive  to  0.0001  inch  diameter  variation  on  0.003 
wire.  The  wire  may  vibrate  up  to  *  1/16  inch  from  the  normal  path  without 
significant  error.  The  error  limit  is  adjustable  q>  to  0.005  indies.  The 
response  time  of  the  wire  diameter  gage  is  less  than  two  microseconds. 

Iron  Age  (99)  describes  a  noncontact  optical  micrometer  that  measures 
die  diameter  of  red-hot  wire.  The  instrument  uses  a  narrow  light  bean  scanned 
across  a  large  lens  with  a  photocell  at  the  focal  point.  As  die  light  beam 
is  scanned  across  the  lens,  the  wire  is  introduced  and  blocks  the  beam  from 
reaching  the  photocell.  The  photocell  under  constant  scanning  conditions  will 
trigger  at  the  fiber  edges;  the  time  interval  measurement  is  equivalent  to 
the  wire  diameter.  Since  the  time  internal  serves  as  the  base  for  all  diameter 
measurements,  light-intensity  fluctuations  do  not  affect  the  data. 

The  optical  inspection  of  0.003  inch  diameter  glass  filaments  was  des¬ 
cribed  by  C.  A.  Bouc  (94)  using  a  microscopic  technique.  A  20QX  transmission 
microscope  was  used  to  study  the  failure  characteristics  of  a  filament  wound 
specimen  under  tensile  loads.  A  percentage  load  was  applied  to  the  specimen 
and  the  fibers  were  inspected  by  manual  scanning.  A  written  and  photographic 
record  was  made  of  five  different  microscopic  modes  of  failure. 


The  presentation  and  analysis  of  data  from  wire  inspection  process  is 
considered  by  several  author?.  M.  !!.  Dashuksvfich  (31)  describes  future  wire 
irispection  data  may  take  the  form  of  magnetic  tape.  The  tape  in  turn  could  be 
progrssssed  into  wire  processing  equipment  and  the  defective  sections  removed 
automatically. 

J.  J.  Stefaniszyn  (95)  defiles  the  present  state-of-the-art  in  high 
speed  motion  picture  photography  as  applied  to  wire  inspection.  Exposures  up 
to  1500  frames  per  second  or  1/10,000  second  exposure  time  are  considered  for 
wire  testing.  The  application  of  motion  picture  cameras  is  considered  not 
only  for  viewing  of  the  wire  but  also  for  studying  the  operation  of  wire  feed 
and  handling  systems.  Commercial  photo  optical  recording  systems  axe  available 
from  Photomechanisms  (96)  for  processing  large  amounts  of  photographical  data. 
These  systems  combine  recording  and  data  readout  in  a  single  operation. 

E.  F.  Jifcb  (97)  proposes  the  possibility  of  adopting  statistical  quality 
control  techniques  for  wire  inspection.  He  suggests  that  50  percent  of  all 
testing  can  be  eliminated  by  statistically  analyzing  the  inspection  data  and 
keeping  records  of  defect  characteristics  and  occurrence  for  a  given  wire  type. 


OGNCIUSiqjS 

From  the  survey  of  the  limitations  of  commercial  equipment  for  nondestruc¬ 
tive  testing,  it  can  he  concluded  that  the  resolution  limits  of  such  equipment 
are  at  best  at  the  border  line  of  limits  required  for  the  inspection  of  defects 
in  metallic  matrix  filamentary  composite  materials.  Throughout  the  survey, 
only  the  simplest  shape  of  metallic  matrix  filamentary  composite  material,  i.e. 
sheets  with  parallel  fibers,  has  been  considered.  However,  it  can  be  asstrnd  * 
that  such  materials  will  also  find  application  in  many  more  complex  combina- 
tions  and  configurations  such  as  turbine  blades  reinforced  along  principal 
stress  directions.  A  number  of  methods  and  approaches  are  suggested  which  can 
improve  the  sensitivity  of  commercial  teat  equipment,  but  these  methods  gen¬ 
erally  require  nonstandard  modifications  to  the  test  equipment.  Considerable 
experimental  work  is,  therefore,  required  to  assess  whether  relatively  minor 
modification  of  standard  coronercial  test  equipment  will  result  in  usable  in¬ 
formation  as  to  composite  material  defects  or  whether  major  alterations  or  new 
equipment  design  and  approaches  will  be  required. 
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